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ABSTRACT
The marine biofouling and corrosion of Kunifer 10 (10% Ni, 
1.5% Fe, copper alloy), was studied using a combination of 
analytical techniques including x-ray photoelectron 
spectroscopy (XPS), energy dispersive x-ray analysis (EDXA) and 
electron microscopy. Particular emphasis was placed on the very 
early stages of fouling, ^although the study continued until a 
climax community of macrofouling organisms had become 
established. Dissolved organic matter (DOM), was successfully 
extracted from seawater by ultrafiltration and chloroform- 
emulsion separation. The collected materials were partially 
characterised using fourier transform infrared spectroscopy 
(FTIR) and standard chemical analyses. Extracted materials were 
found to be mainly carbohydrate in character, with lesser 
quantities of protein. The FTIR investigations indicated 
considerable seasonal variation in the extracted DOM. XPS 
proved to be a suitable technique to investigate the 
development of marine organic and inorganic films that form on 
the alloy. Adsorbed organic macromolecules exhibited a 
characteristic spectral "fingerprint". The effect of elevated 
DOM on the corrosion behaviour of the Kunifer 10 alloy was 
investigated, using DC and AC impedance electrochemistry. 
Studies indicated that a temporary loss of passivation occurred 
in the presence of DOM under transient oxygen conditions. The 
development of organic layers on the alloy was shown to 
influence subsequent stages of biofouling, Kunifer 10 coated 
with elevated levels' of organic extracts was less likely to 
become fouled by microorganisms, although certain extracts 
appeared to stimulate the settlement of marine protozoans. 
However, such effects were short lived due to the continual 
formation of bio/corrosion layers. An unusual form of 
corrosion, not previously documented, is reported and an 
explanation for the exfoliation of the bio/corrosion films on 
Kunifer 10 is suggested. A range of cupronickel-iron alloys 
were assessed for their short-term marine biofouling/corrosion 
performance. Of the alloys tested Kunifer 10 showed optimum 
resistance. The study includes a literature review on marine 
biofouling and corrosion.
To my parents.
Typical biofouling after several fouling seasons at Chichester
Harbour, West Sussex, U.K.
copyright 1987 B.J. Garner.
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CHAPTER ONE - LITERATURE REVIEW.
1.1. INTRODUCTION
Materials submerged in seawater typically develop a layer 
of attached organisms, a condition generally referred to as 
biofouling (Marszalek, Gerchakov and Udey, 1979). This 
phenomenon is a major problem throughout the world, it affects 
a wide range of immersed structures and causes considerable 
structural and economic damage (Fletcher, 1981).
Fouling is a general term to describe all forms of 
deposits formed on materials immersed in aqueous environments 
(Mitchell and Benson, 1981). The phenomenon is by no means 
limited to marine systems, other examples range from dental 
plaque formation in the oral cavity (Quintana, 1975; Orstavik,
1980), thrombus formation on artificial blood vessels (Baier, 
1977) to the fouling of power station condensers (Sato and 
Nagata, 1978). However, from the biologists viewpoint, marine 
fouling is the term given to various plant and animal 
assemblages found on manmade structures in the sea (Redfield 
and Deevy, 1952; Edyvean and Terry, 1984). Wood (1967) simply 
described marine fouling as the growth of organisms on 
structures below the high-tide mark. Certainly any material if 
immersed in the sea for a sufficient period of time will become 
colonised by macrofouling organisms recruited from naturally 
occurring substrates such as rocks, stones etc. (Barnes, 1972; 
Blunn and Jones, 1985).
The development of a fouling community depends on the 
ability of sessile forms to adhere firmly enough to avoid being 
washed away (Redfield and Deevy, 1952). Bultmann, Southwell 
and Hummer (1974) recorded barnacle fouling exceeding 6 kg m”2
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on steel exposed in temperate waters for only 3 months, whilst 
in the tropics, Ravindran and Pillai (1984) observed 
biofouling on aluminium (M575) >21 kg m “2 after only 6 months 
exposure. Relini (1984) noted that power station biofouling in 
Italy reached levels of up to 16 kg m~2 and in particular, 
mussel fouling of water intake screens exceeded 35 kg m“2. 
Higher levels have been recorded in the tropics, De Palma 
(1984) commented that mussel fouling communities may reach 
densities of up to 40 kg m ”2.
The different species of organisms involved in fouling is 
quite remarkable, more than 170 species of animals and 20 
species of algae were recorded by Relini (1984) on panels 
exposed for a 3 year period in Italy. Workers in the Far East 
have recorded more than 600 species of epibenthic (fouling) 
organisms from the Chinese coast (Zongguo, 1984) and Lindner 
(1984) reported that over a thousand different species of 
macroscopic invertebrates have been identified in marine 
fouling communities throughout the world. Earlier estimations 
indicated that the number of fouling organisms comprised about 
two thousand different species of animals and plants (Redfield 
and Deevy, 1952) although it is likely that this figure has now 
doubled (Crisp, 1973).
1.1.1. Progression of marine fouling.
A clean, non-toxic surface immersed in the sea within 
minutes becomes covered with a film of organic molecules 
derived from dissolved organic matter in seawater (Baier, 1973; 
Loeb and Neihof, 1975; Hunter and Liss, 1980). This is the 
common feature of all fouling processes. From this point, a
sucession of marine organisms colonise the surface (crisp, 
1965; Christie and Evans, 1975). Initial bacterial colonisation 
and settlement of diatoms (microscopic algae) are followed by 
filamentous algae, barnacles, mussels and other organisms. In 
time, depending on the local environmental conditions a climax 
community develops, which is usually dominated by one or two 
types of macroorganisms. The time required for initiation and 
proliferation of any fouling stage depends to a large extent 
upon the prevailing environmental conditions (corpe, 1976).
As bacteria and diatoms are ever present in the
surrounding waters, colonisation by these organisms is rapid, 
however, macrofouling organisms generally depend on a free- 
floating, planktonic reproductive phase and this results in 
seasonal recruitment onto surfaces (Sutherland, 1984). Fouling 
is obviously limited to the organisms possessing a settling 
phase at the time of immersion. In addition to living forms, 
organic detritus; mud, sand, silt and other particulate
materials (pelogloea) suspended in the water column become 
incorporated into the film. Non-biological processes such as 
crystalline or corrosion fouling may also occur. The likelihood 
of such fouling depends to a large extent upon the local 
conditions of the water column and the substrate itself. For 
instance, in turbulent waters, less particulate material is 
incorporated into the fouling layers, although corrosion 
fouling may be accelerated, whilst in quiescent waters, heavy 
particulate fouling may occur. Biological fouling is most
troublesome in the more fertile waters such as coastal and
tropical seas (Beaubien, Wolock and Buchannon, 1972) and whilst 
fouling generally diminishes with distance from shoreline (as
most epibenthic organisms originate from intertidal and shallow 
waters (Hardy, 1981), with the remainder from sub-littoral 
regions) fouling organisms are present in mid-oceanic regions 
and problems have been encountered with the accumulation of 
growths on the isolated offshore oil and gas platforms 
(Kirkwood, 1981). In such cases, both coastal and wind blown 
currents play a decisive role in the distribution of propagules 
(Leitch, 1980). Houghton (1978) noted that service ships may 
also be a source of some fouling organisms.
Table 1.1. summarises the sequence of fouling in marine 
environments (compiled from Ayers and Turner, 1952; O'Neill and 
Wilcox, 1971; Baier, 1973; Leitch, 1980; Field, 1981; Edyvean 
and Terry, 1983, 1984; Gerchakov and Udey, 1984).
In summary it is clear that all surfaces subject to marine 
immersion are susceptible to fouling. However, the nature of 
this fouling, its distribution and rate of growth are 
dependent upon the geographical location and the local 
environmental conditions (Rendall, 1980). In general there is 
a decline in species diversity with increasing distance from 
the shore (Fletcher, 1981).
The following chapter reviews the literature concerning 
biofouling and corrosion in marine environments with particular 
emphasis on the early stages of fouling.
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Table 1.1. SEQUENCE OF MARINE FOULING.
Time from 
immersion.
Fouling Comments
Immediate 
1-4 hours
4 hours +
Organic material.
Primary colonising 
bacteria.
More specialised 
bacteria.
Adsorption of dissolved 
organic molecules.
/
Species.include Pseudomonas, 
Flavobacterium,
Achromobacter, able to 
utilise many carbon sources.
Nutritionally more fastidious 
eg. Caulobacter and 
Hyphomicrobium.
Microorganisms may exceed a million per square cm.
8 hours +
Days
Unicellular and 
colonial diatoms.
Microscopic plants.
Grazing microorganisms Predatory species eg. 
blue-green and green protozoans. Algae include
Weeks
algae.
Macroscopic fouling 
plants and animals.
Urospora and Ulothrix.
Flora eg. polysiphonia,
(red), Enteromorpha, Ulva, 
(green), Ectocarpus,
Sargassum (brown).
Fauna eg. Arthropoda 
mussels), Bryozoans 
Coelenterates (hydroids, corals 
anemonies), porifera (sponges) 
etc..
(barnacles 
(sea-mats),
Immediate Non-biological
(depending fouling,
upon local 
environmental 
conditions)
Crystalline, eg. calcium 
carbonate, sulphate or other 
salts with solubilities that 
diminish with increasing 
temperature.
Corrosion , eg formation of 
corrosion product films on 
some metals in seawater. 
Particulate or sedimentation 
fouling.
Chemical reaction fouling.
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1.2. MOLECULAR FOULING.
The initial events upon exposure of all surfaces to 
seawater, or other aqueous systems such as the oral cavity or 
blood circulatory system, is the spontaneous adsorption of 
organic matter (Harvey, 1941; Bader, Hood and Smith, 1960; 
Neihof and Loeb, 1972; De Palma and Baier, 1977; Gerchakov and 
Udey, 1984). This includes plasma proteins in blood systems 
(Bruck, 1977) and proteins, polysaccharides and other molecules 
in marine systems (Baier, 1977;1984; Neihof and Loeb, 1972; 
Gucinski, Baier, Meyer, Fornalik and King, 1984). Such 
molecules are strongly adsorbed and are not removed by simple 
rinsing (Corpe, 1977). The adsorbed molecules effectively 
influence subsequent interactions (Bruck, 1977) as they 
accumulate at the solid/liquid interface (Harvey, 1941). 
Typical film thicknesses of 0.01 nm may form within 10 minutes 
of immersion (De Palma and Baier, 1977). Neihof and Loeb 
(1976), and Kristoffersen, Rolla, Skjorland , Glantz and 
Ivarsson (1982), using ellipsometric techniques, found film 
deposition to be maximum within the first hour of immersion. 
Some possible preconditioning effects of molecular fouling are 
listed below:-
POSSIBLE EFFECTS OF MOLECULAR FOULING (after Zobell, 1946; 
O'Neill and Wilcox, 1971; DiSalvo, 1973 and Marszalek et al. 
1979).
1) Adsorbed molecules may discolour bright surfaces, 
reducing reflections (may lead to animal attachment as most are 
negatively phototropic when attaching).
2) Antifouling surfaces may become less toxic enabling 
settlement of marine organisms (mechanical screening), 
conversely the adsorbed molecules may promote antifouling as
leached toxins may accumulate at the substrate/film interface.
3) Free swimming larvae, diatoms, algal spores and other 
organisms may become entrapped on the adsorbed molecular film.
4) Topographic changes due to the adsorption of organic 
molecules may increase the surface attractivity to settling 
organisms.
5) Adsorbed molecules may lead to localised changes in 
alkalinity and on metals may result in non-biological 
(precipitation) fouling.
6) The corrosion characteristics of metals may be affected 
if the adsorbed molecules interfere with electrochemical 
reactions ie. metal dissolution.
1.2.1. Sources of organic matter.
The principal input of organic matter into the oceans is 
via photosynthesis (Duce and Duursma, 1977), as the fixation of 
carbon dioxide by phytoplankton (microscopic plants). 
Nissembaum and Kaplan, (1972); Ogura,(1977) and Mitchell,
(1978) all suggested that dissolved organic matter (DOM) is 
mainly derived from the excretions of living phytoplankton and 
the decomposition of dead phytoplankton. Sieburth and Jensen 
(1968,1969) indicated that littoral communities of benthic 
algae (eg. brown seaweeds) are a significant source of DOM, 
whilst Johannen and Webb (1970) saw the release of DOM by 
invertebrates as another important source.
Jeffrey and Hood (1958) suggested that significant inputs 
of organic matter into the oceans originated from land drainage 
and river run-off. This included leaching of organics from 
land, pollution (industrial and sewage discharges) and the
7
dumping of materials (Milne, 1986). Duce and Duursma (1977) 
summed up the available data on river organic carbon input and 
suggested that on average about 3.5 mg 1”  ^entered the oceans. 
This accounted for approximately 0.5% of the primary production 
level. Figure 1.1. summarises the possible transport processes 
controlling the distribution of organic matter in seawater 
(after Gagosian and Lee,1981).
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Figure 1.1. Organic matter, sources and inputs to the oceans.
1.2.2. Size fractions of organic matter.
It is generally accepted that particulate and dissolved 
material may be separated by the 0.45 pm filter (Cauwet,
1981). Thus dissolved matter will include organic material in 
solution as well as colloidal materials and particulates up to 
about 0.5 pm, therefore viruses some bacteria and even some 
protozoa may be collected. Sheldon and Sutcliffe (1969) noted 
that although filters are generally well defined in their size
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cut-off, smaller materials may be retained, therefore the 0.45 
pm limit should be considered as a purely arbitrary guide to 
fractionation. Figure 1.2. outlines the size fractions of 
organic matter in seawater (after Ogura, 1977).
Carlson and Meyer (1985) used ultrafiltration techniques 
to determine the size fractions of DOM in seawater. They found 
that the largest portion (34%) had molecular weights >1,000. 
Baturina, Ljutsarev and Romankevich (1977) indicated that 
between 30% and 50% of seawater DOM had a molecular weight 
>1000. Degens (1970) stated that the majority of molecules were 
present in the 3-5 thousand size fraction. More recently 
Carlson and Meyer, (1985) concluded that, apart from the 
differences in filtration techniques, published data indicated 
that between 30-50% of marine DOM is of a size fraction >1,000 
molecular weight, 5-15% >10,000 and 0.3% >100,000.
co: Light
Nutrients 
Trace ElementsPhytoplankton
Excretion. Decomposition J
POMCO:
L-MW DOM H-MW DOM
or
Colloids
CO:
Aggregation
or
Adsorption Living
Organisms
Particles
or
Aggregates
L-MW DOM
Fecal
Pellets
Sedimentation
Sedimentation
SedimentationNutrients
DOM
Release
Figure 1.2. - Size fractions of organic materials in seawater.
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Experiments by Baturina et: al. ( 1977) performed on waters 
taken from the photic zone (waters of maximum productivity) 
indicated that the high molecular weight fraction (300,000+) 
constituted 3.4-8.7% of the total DOM (0.7-1.1% in deep 
waters). DOM in the 10,000-30,000 molecular weight range, 
comprised approximately 19-25% (42-48% in deep waters) whilst 
the majority (65-70%) of DOM was smaller than 1,000 molecular 
weight (50-52% in deep waters). In summary they found that the 
relative content of the high molecular weight DOM decreased 
with depth, whilst the medium molecular weight fraction (1,000- 
10,000) increased. Harvey, Boran, Chesal and Tokar (1983) 
analysed waters off the Gulf of Mexico. Their results for 
dissolved organic carbon and DOM levels are shown in table
1.2. They found the maximum levels of carbon in the spring and 
lowest in the autumn.
Table 1.2. DOC and DOM levels in the Gulf of Mexico.
Dissolved Organic Carbon Humic Fraction Fulvic Fraction
maximum 3.2 336 1270
minimum 0.5 3 58
1) Humic fraction (mg I"’-*-) - soluble in alkalis only,
comprised mainly of high molecular weight compounds (some 
are aromatic).
2) Fulvic fraction (p g 1 1 ) - soluble in both acids and
alkalis, mainly comprised lower molecular weight molecules 
of aliphatic nature.
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Figure 1-3. Distribution of organic carbon (Cauwet, 1981).
Figure 1.3. outlines the distribution of organic carbon 
in the oceans (Cauwet, 1981), showing the majority to be in the 
dissolved state.
Seasonal fluctuations were also recorded by Hair and 
Bassett (1973). Edwards (1982) speculated that the levels of 
high molecular weight (humic) materials increased in the late 
spring and summer, due to the decay of organisms from a spring- 
summer bloom along with condensation reactions resulting in 
large molecular weight materials. During the autumn high 
molecular weight compounds may be degraded to lower molecular 
weight compounds in accordance with the proposed degradation 
pathway of Hatcher (1980):—
Humic (high MW) 1 1 » Humic acid — ►Fulvic acid (low MW)
1.2.3. Nature of dissolved organic material.
The nature of DOM in seawater is poorly accounted for, 
Ogura, (1974) suggested that only 10-20% has been fully 
characterised. The remaining portion has been ascribed such 
terms as "gelbstoffe" (Kalle, 1966), "marine humus" 
(Skopintsev, 1971) or simply the "uncharacterised fraction"
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(Williams, 1975). Baier (1973) suggested that the molecular 
fouling layer comprised of glycoproteins, whilst Loeb and 
Neihof (1975) and Goupil, DePalma and Baier, (1980) considered 
this material to be primarily humic in character.
Recently Edwards (1982) suggested that the majority of 
adsorbed organic material identified from surfaces exposed to 
seawater was comprised of high molecular weight humic material. 
Fulvic and lipid materials were present as minor constituents.
The lack of reliable techniques and procedures to 
characterise and quantify the dissolved organic compounds 
present in seawater has long delayed a true understanding of 
the chemical and ecological significance of these compounds. 
Techniques presently available for the isolation of dissolved 
marine organic matter are outlined below:
SUMMARY OF TECHNIQUES AVAILABLE FOR THE ISOLATION OF DISSOLVED 
MARINE ORGANIC MATTER (compiled from Jeffrey and Hood, 1958; 
Khaylov, 1968; Martin, 1972; Mantoura and Riley, 1975; Ogura, 
1977; Steurmer and Harvey, 1977; Edwards, 1982; Carlson and 
Meyer, 1985).
1) ULTRAFILTRATION (molecular filtration) - The best available 
technique for extraction of the high molecular weight organic 
portion, although membrane charging or interaction with 
polyelectrolytic organic material may be a problem 
(electrostatic rejection).
2) COLUMN ADSORPTION (macroreticular resins, clays, carbon 
etc.) - Best suited for the extraction of fulvic materials as 
elution problems may occur. Recovery may be low, compounds 
recovered include carbohydrates and some protein.
3) INTERFACIAL EMULSION TECHNIQUES ( water/chlorof or m , 
water/isoamyl alcohol) - Suitable for the extraction of
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molecules with both hydrophobic and hydrophilic moieties.
4) PARTITION EXTRACTION TECHNIQUES - Simple method but only a 
small fraction of the organic matter is recovered. May require 
several extractions with various solvents to be successful.
5) DIALYSIS AND ELECTRODIALYSIS - Useful for the recovery of 
colloids and large molecules, however evaporation of the bulk 
media has to be carried out at low temperatures.
6 )  C O - P R E C I P I T A T I O N  (with metal chlorides/inorganic salts). 
Recovery of the majority of the dissolved organic material is 
possible, with the exception of hydrophilic material. 
Difficulties may arise with the separation of salts and metal 
hydroxides from the DOM.
7) ION-EXCHANGE - Difficulties occur with the recovery of the 
extracted materials and considerable quantities of resin are 
required.
8) MISCELLANEOUS - Other techniques used for the extraction of 
DOM include reverse osmosis and differential centrifugation, 
neither method has been particularly successful.
Edwards (1982) compared various techniques for the 
extraction of dissolved marine organic matter. He concluded 
that the XAD-2 resin extraction procedure (column adsorption 
using a styrene-divinylbenzene copolymer) was best suited for 
the collection of the lower molecular weight materials. 
Ultrafiltration (Amicon system) was found to be the most 
effective technique for accumulating the high molecular weight 
compounds and a modified chloroform-emulsion extraction 
procedure based on the method of Khaylov (1968) appeared to be 
a suitable method for the extraction of "surface active 
materials11.
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1.2.4. polymer Adsorption.
The mechanisms and processes involved in the adsorption of 
organic materials to surfaces has been widely investigated 
(Cumper and Alexander, 1951; Kochwa, Brownwell, Rosenfield and 
Wassermann, 1967; McMillin and Walton, 1973; Edwards and 
Rutter, 1980; Ateya, El-Anadouli and El-Nizamy, 1984).
Robb (1984) suggested a simple model to explain the 
important interaction involved in adsorption illustrated in 
figure 1.4.
LIQ UID
POLYMER
SOLID
Figure 1.4 - Model of Polymer Adsorbed at a Solid/Liquid
Interface. A. segment-solvent, B. segment-surface 
C. segment-other solvent components D. surface- 
solvent interactions.
Four constituents in the model were considered to be 
important, namely polymer segments, the solid surface, the 
solvent molecules and other components present in the solvent 
(eg. phosphate, proteins or lipids etc.). Each of these 
constituents can interact with themselves and other 
constituents, the behaviour of the adsorbed polymer was 
considered to be the net balance of such interactions.
As polymers may have 105 units in their chain, it is in
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principle possible for a single molecule to have the same 
number of bonds attaching it to a surface (Robb, 1984). 
However, it is unlikely that this would be the case, although 
in general it has been found that an adsorbed polymer may have 
30-60% of its segments in contact with the substrate (Botham 
and Thies, 1970; Barnett, Cosgrove, Vincent, Sissons and Cohen- 
Stuart, 1981), therefore a random coil polymer may have 104 
contacts with the substrate (Robb, 1984). This explains the 
observation that macromolecules are more likely to form an 
irreversibly adsorbed layer owing to the large number of 
contacts per molecule, the probability of all the contacts 
breaking at the same time is remote (Silberberg, 1962; Cohen- 
Stuart, Scheutjens and Fleer,1980). Robb (1984) suggested that 
even if the bond energy between each polymer segment and the 
substrate is very small eg. 0.01 kT, then the total adsorption 
energy for the polymer with only 10 ^ contacts with the 
substrate is 10 kT (where k = Boltzmann's constant {l.SSlxlO”1  ^
erg deg”-1-} and T = absolute temperature).
This approach clearly demonstrates that very weak bonding 
between macromolecules and solid surfaces may lead to very 
strong, apparently irreversible adsorption of the 
macromolecules on the surface. However, as Robb (1984) pointed 
out for a molecule to adsorb onto a solid surface, there has to 
be some form of energetic incentive since molecules "prefer" to 
have the maximum possible number of degrees of freedom and 
adsorption results in a reduction in the degrees of freedom and 
a consequent loss of entropy. The loss in entropy will have to 
be compensated by energy from some other part of the system, 
this other energy is that released from the polymer-surface
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bond. Scheutjens and Fleer (1979) suggested that this energy is 
about 0.5 kT per segment for free individual polymers adsorbing 
from solution to a solid surface.
Edwards (1982) reported that adsorption of marine humic 
compounds was irreversible by dilution as adsorption apparently 
requires, only relatively small segments of the molecule to 
enter the interface, whilst desorption by necessity requires 
the simultaneous break of all the segment-substrate bonds. 
Similarly the displacement of previously adsorbed low molecular 
weight molecules by larger ones will follow the same rule and 
this may explain the apparent long term increase in molecular 
film thickness with time (2-20 hours) as reported by Neihof and 
Loeb, (1976) and Kristoffersen et al. (1982); the adsorbed film 
thickness increasing as a function of the molecular weight of 
the adsorbed polymeric species.
Edwards and Rutter (1980) found an increased adsorption of 
the dextran D-250 to clean surfaces with increasing temperature 
(20°C-40°C), indicating that the adsorption process was 
endothermic. They suggested that adsorption at lower 
temperatures (up to about 22°c) principally involved Van der 
Waals and ion-dipole forces, whilst at higher temperatures 
(40°C) enhanced adsorption was due to the increased ease of 
loss of solvent molecules from the substrate.
Norde and Lyklema (1979) conducted a thermodynamic 
analysis of protein adsorption to sulphated polystyrene using 
microcalorimetry techniques. They considered that for certain 
values of polymer surface charge density and solution pH, the 
enthalpy change of adsorption was found to be positive, thus 
the protein adsorption, was considered to driven largely by an
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entropy increase on the loss of structured water at the 
hydrophobic regions of the polymer surface and re-arrangements 
of the conformation of the protein. They suggested a triple 
layered model for the adsorption of albumin to negatively 
charged polystyrene, consisting of a protein-substrate 
interface where the majority of the positive protein groups 
existed with some of the carboxyl groups and trapped ions from 
solution, a middle region of hydrophobic protein and an aqueous 
interface of mainly charged groups.
\
SUBSTRATE 
W A L L .\
ADSORBED
MOLECULES
AND
WATER OF
HYDRATION.
*
(opposite charge 
pairs may co­
exist, total charge 
=0).
SURFACE CHARGE 
REGION (ion pairing between 
substrate and adsorbed 
molecules, also trapped 
molecules).
PROTEIN CHARGE 
GROUPS EXPOSED 
TO AQUEOUS 
PHASE.
HYDRODYNAMIC 
SHEAR PLANE.
Figure 1.5. - Illustrates the relationship between adsorbed 
molecule, substrate and aqueous environment
(after Norde and Lyklema, 1979).
This model was deduced using electrophoresis and proton 
titration measurements. The protein layer therefore acted as a 
"bridge" between the polymer and the solution with 
conformational changes to accommodate the interactions at the 
substrate-protein and protein-solute interfaces. It is thought
17
that the polyfunctional dissolved marine macromolecules may act 
in a similar manner.
In summary, it is considered that the adsorption of DOM 
results in an increase in entropy arising from :
1) Displacement of structured water at the substrate 
interface.
2) Change in the conformation of the macromolecules on 
adsorption.
3) A combination of effects.
Interfacial electrical charges have been considered as an 
important parameter determining the adsorption of DOM (Bull, 
1956; Neihof and Loeb, 1972), particularly as the levels of DOM 
in seawater are generally quite low. Electrophoretic 
experiments by Neihof and Loeb (1974) indicated that the 
characteristic surface charge of solids in seawater arise from 
the presence of adsorbed organic species. However surface 
charges may also originate from the dissociation of chemical 
groups fixed on the substrate or from ionic adsorption from 
solution (Neihof and Loeb, 1972a). Neihof and Loeb (1972,1976) 
found that after marine immersion, both positively and 
negatively charged surfaces became uniformly negatively charged 
due to the adsorption of DOM. Experiments by Norde and Lyklema 
(1979,1986) demonstrated that the spontaneous adsorption of 
organic matter occurred even when the DOM and substrate were 
negatively charged. Apparently, many weak polymer-surface 
contacts may provide sufficient energy to overcome the 
electrical forces of repulsion depending upon the 
polyelectrolytic nature of the adsorbed species (Robb, 1984). 
MacRitchie (1972), Brash (1977) and Rutter (1980) suggested
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that certain molecules appeared to adsorb more readily on the 
hydrophobic surfaces than on hydrophilic ones. Extracted DOM 
from seawater appeared to adsorb onto both hydrophobic and 
hydrophilic substrates, however greater adsorption occurred on 
the hydrophobic surfaces (Edwards, 1982) due to the inherent 
properties of the adsorbing species.
1.2.5. Influence of dissolved organic material on the 
settlement of marine organisms.
From the available literature it is unclear whether 
adsorbed organic molecules inhibit or stimulate the biofouling 
process. It is certain that the adsorbed species considerably 
affect the overall surface charge and wettability of substrates 
(Dexter, Sullivan, Williams and Watson, 1975; Loeb and Neihof, 
1977), thus they may have considerable influence upon the 
future sequence of microbial events (Marshall, 1973; Characklis 
and Cooksey, 1983).
Fletcher (1976) considered that to inhibit bacterial 
attachment, at least one of three components of the attachment 
mechanism must be affected by dissolved molecules, namely the 
surface of the microorganism, the substrate, or the intervening 
medium. Maroudas (1973), suggested that adsorbed species 
reduced the suitability of the substrate due to the formation 
of macromolecular "scaffolding" inhibiting attachment of 
microorganisms. Brooks and Seamann (1973) indicated that 
changes in the ionic microenvironment of the substrate may 
reduce the substrate suitability. Fletcher (1976) reported that 
bovine serum albumin (BSA) affected attachment of bacteria to 
surfaces by virtue of its action on the bacterial cell wall and
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further speculated that the protein reacted with bacterial 
extracellular adhesives. Chet, Asketh and Mitchell (1975) and 
Mitchell (1978) clearly demonstrated the inhibitory effects of 
certain adsorbed chemicals on bacterial attachment. Their 
results indicated that an untreated non-toxic surface would 
support 1 0 ^  cells mm'^ in 12 days, whilst surfaces treated 
with either tannic acid, benzoic acid or acrylamide reduced the 
bacterial attachment by 50%. However, the above 3 chemicals 
have low molecular weights and are likely to desorb slowly, 
causing a negative chemotaxis effect as they are strong 
repellents. It is unlikely that any large molecular weight 
material could do the same unless unbonded portions of 
individual molecules were repellant in their own right.
Edwards (1982) demonstrated that surfaces treated with 
certain seawater extracts were inhibitory to the settlement of 
the marine bacterium NCMB 2021; in contrast control surfaces 
supported high numbers of the attached organism. This finding 
supported the results of previous attachment experiments by 
Fletcher (1976), who used known compounds such as gelatine, 
fibrinogen, pepsin and BSA. All these chemicals inhibited 
bacterial attachment.
Dissolved macromolecules on solid surfaces have also been 
reported to act as attractants for bacteria (Mitchell, 1978). 
Similarly, observations on the settlement of higher organisms 
(bryozoan larvae) by Mihm and Banta (1981) indicated that the 
substrate wettability due to the presence of bacterial/organic 
films was a sensory stimulus mediating larval settlement. 
Crisp, Walker, Young and Yule (1985) reported that adsorbed 
monolayer quantities of conspecific integumentary proteins
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(arthropodin) were sufficient to stimulate the attachment of 
barnacle (cypris) larvae. However, these materials had no 
effect in solution, presumably due to changes in molecular 
configuration .
It has been suggested that dissolved marine organic 
substances may serve as a nutrient source for some organisms 
(Jeffrey and Hood, 1958; Ogura,1972; Mitchell, 1978). However, 
it is unlikely that adsorbed molecules play a significant role 
in the nutritional requirements of settling organisms 
particularly as a large proportion of the DOM is refractory 
(Neilson, 1955 and Ogura 1972), although Barrett (personal 
communication) suggested that some of the lower molecular 
weight compounds may provide a nutrient source for some marine 
epibenthic bacteria.
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1.3. MICROBIAL FOULING.
Engineering materials immersed in the sea will acquire not 
only a film of dissolved organic matter that "spontaneously" 
adsorbs but will subsequently acquire a microbial slime film, 
even if precautions have been taken to create a surface 
environment hostile to macrofouling organisms (Gucinski et al., 
1984).
The major constituents of such slime layers include 
organic molecules (Loeb and Neihof, 1975), bacteria (Henrici 
and Johnston, 1935), diatoms (Hendey, 1951), fungi (Hilen, 
1923) algae (Wood, 1950) and entrapped silt and debris. Such 
biofilms are generally very adsorptive and porous, containing 
>95% water (characklis, 1984). The sequence of microfouling has 
been outlined by many authors including Corpe (1976), Marshall 
(1976), Mitchell (1978) and more recently by Duddridge and 
Pritchard (1983) and Jones (1986). Following the adsorption of 
organic molecules, the substrate surface (depending upon its 
exact nature) becomes colonised by pioneer bacterial species. 
These are mainly the fast growing organisms which are attracted 
to, or stimulated by the organically enriched "conditioned" 
surface, such colonisation by motile bacteria may occur within 
a few hours, even on surfaces which contain very low nutrient 
levels (corpe, 1977). Cell motility was recognised by Fletcher 
(1976) as an important factor in the attachment of these 
pioneer organisms. These organisms originate from free-living 
colonies and those attached to faecal pellets and other 
particulate materials. The principal colonisers include such 
bacteria as Pseudomonas spp. and Flavobacterium spp..
In quiescent waters (such as sheltered coastal
22
environments) the predominant transport mechanism may be 
motility or sedimentation. In laminar flow, the major transport 
mechanism may be diffusion (Brownian motion) whereas in 
turbulent flow, convective (ie. that related to fluid motion) 
mechanisms may predominate (Characklis, 1984). A fraction of 
the bacterial cells that come into contact with the substratum 
attach for a while, "the critical residence time" and then 
detach; this is termed reversible attachment. If the organism 
"considers" the substratum suitable, then irreversible 
polymeric bridging occurs, firmly attaching the organism to the 
substrate (Marshall, 1973). Other researchers have suggested 
that fluid shear forces, hydrophobic and electrostatic 
interactions are involved in the attachment process (Harden and 
Harris, 1953? Corpe, 1970; DiSalvo, 1973 and Fletcher and Loeb, 
1979), particularly as both marine bacteria and surfaces 
immersed in the sea generally acquire overall negative charges. 
Hirsch and Pankratz, (1970) noted several other attachment 
modes including the use of special structures such as pili (eg. 
in pseudomonads), holdfasts on prosthecate bacteria such as 
Caulobacter and deposition of inorganic cements.
The synthesis of extracellular fibres, usually consisting 
of lipopolysaccharide and/or glycoproteins (corpe, Matsuuchi 
and Armbruster, 1976; Mitchell and Benson, 1981), enable the 
bacteria to overcome any repelling forces (eg. charge 
repulsion). Maroudas (1975) considered specific interactions 
with metal cations, polar groups and functional groups to be 
important in the attachment process. Duddridge and Pritchard 
(198-3) reported that bacteria may bind to the substrate via the 
molecular "conditioning" film and previously Rodgers (1968)
23
considered that such binding may result in the formation of 
heterocopolymers between the bacterial secretions and the 
previously adsorbed organic molecules. Corpe (1973) commented 
that it is likely that all the pioneer bacteria produce such 
extracellular mucilages, the possible contributions of these 
materials to biofilm development are listed below (after 
Characklis and Cooksey, 1983):
1) Provide cohesive forces within the biofilm.
2) Adsorb nutrients from the surroundings or may even be used 
as temporary energy supplies.
3) Provide protection to immobilised cells during rapid changes 
in environmental conditions (eg. dehydration) and also from 
biocides or toxic substances leaching from the substrate.
4) Facilitate exchange of genetic material/intercellular 
communication.
On non-toxic surfaces bacterial colonisation may reach 
levels exceeding a million organisms per cm-2 within periods 
of less than 8 hours marine immersion (Dempsey, 1981). This may 
be a relatively even coverage of the "conditioned surface" by 
microorganisms or a localised patchy distribution (characklis, 
1984). The consequence of such a fouling film is to modify both 
the chemical and physical nature of the surface (Crisp, 1974). 
Such modifications enable other microorganisms to colonise the 
surface. Predominant groups include more specialised bacteria 
such as species of Caulobacter and Hyphomicrobium, microalgae 
and protozoa (Corpe, 1976).
The microalgae, particularly the diatoms are important 
marine fouling organisms; see Hendey (1951) and Daniel (1980) 
for comprehensive accounts. A surprising number of these
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organisms are considerably resistant to metals such as copper 
and tin, thus they may colonise surfaces coated with 
antifouling compounds based on these metals (Hendey, 1951). The 
resistant diatom species are usually the small slime forming 
types such as the genera Amphora, Navicula and Amphiprora but 
also stalked forms eg. Achnanthes spp. may colonise copper- 
based paint surfaces.
Table 1.3. summarises some recent data on the attachment 
strengths of epibenthic microorganisms (after Charters, Neushal 
and Coon, 1971; Kent and Lewis, 1982 and Pyne, Fletcher and 
Jones , 1984) .
ORGANISM TYPE ATTACHMENT 
STRENGTH *
INCUBATION
TIME
Achnanthes longipes stalked diatom 1.49 8 hours
Amphora coffeaeformis slime former 2.98 8 hours
Gracilariopsis spp. microalgal spore 2.00 24 hours
Pseudomonas fluorescens pioneer bacterium 7.80 72 hours
* attachment strength in Nm”2.
Fluid shear stresses at the surface of the film limit the 
overall thickness of the biofilm (Powell and Slater, 1982). 
This factor along with the surface characteristics of the 
substrate, the microbial reactions within the film and 
transport of material from the bulk fluid to the surface and 
adhesion to the surface all affect the overall biofilm 
formation (Characklis and Cooksey, 1983; Characklis, Zelver and 
Turakhia, 1984).
The surface roughness of the substratum may be a
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significant factor determining the amount of biofilm on the 
substratum. Characklis, (1984) demonstrated this using the 
scheme displayed in figure (1.6). This shows the microroughness 
of stainless steel tubing as compared with a microbial cell and 
clearly emphasizes the effect of microroughness on both 
transport and attachment of microorganisms. At the rough 
surface convective transport rates will be greater as compared 
with the smooth surface and once the microorganism arrives at 
the surface, attachment rates will probably be higher because 
the cell will be shielded from bulk fluid flow and more surface 
area will be available for contact with the cell. The 
substratum (depending on its nature) provides a supporting 
surface for the biofilm and depending upon the surface 
roughness, may provide "shelter" from otherwise adverse 
conditions of the bulk fluid.
As early as 1935 Zobell and Allen realised the importance 
of primary films upon the subsequent development of 
macrofouling communities, many macroorganisms exhibit a 
distinct preference for such conditioned surfaces (Daniel, 
1955; Crisp and Ryland, 1960; Crisp, 1976 and Cook and 
Henschell, 1984) .
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Figure 1.6. Microroughness of a metal surface as compared with a
1.4. MACROFOULING.
It is generally accepted that the attachment of marine 
animals is enhanced by a "slime" film of microorganisms (Wood, 
1967). Crisp et al., (1985) noted that attachment of the 
macrofouling organism Mytilus spp. (mussel) depends on the 
force of adhesion of the mussel byssus pads, which depends upon 
the surface energy of the substratum. Organisms with some 
mobility in their adult stage such as tunicates and anemonies 
anchor themselves using mucous secretions, whilst those 
organisms that settle for life eg. barnacles and tubeworms, 
produce cements, adhesion is improved through the mediation of 
calcareous deposits (Lindner, 1984). Crisp (1981) has outlined 
a selection of common fouling organisms including their method 
of propagation (table 1.4.).
microbial cell
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Table 1.4. COMMON MACROFOULING MARINE ORGANISMS (after Crisp, 1981).
ORGANISM TYPICAL SPECIES NAME OF PROPAGULE
green and 
brown algae 
kelp
sponges
hydroids
anemonies
tubeworms
bivalves
barnacles
amphipods 
bryozoa
sea-squirts
Enteromorpha intestinalis 
Ectocarpus siliculosus 
Laminaria digitata
Leucosolenia variabilis
Obelia geniculata 
Tubularia larynx
Metridium senile
Hydriodes norvegica 
Spirorbis borealis
mussel - Mytilus edulis
oyster - Ostrea edulis
stalked - Lepas anatifera 
acorn - Balanus crenatus
zoospore $1 
gametes $2 
zoospore $1
amphiblastula
planula $1 
actinia
ciliated blastula
trochophore
metatr-ochophore
trochophore,veliger 
pediveliger 
as mussel
nauplius
cyprid
(tube-dwelling) Jassa falcata "young"
(encrusting) Electra pilosa cyphonautes 
(foliaceous) Bugula neritina cellularious larva
- single
- colonial
tadpole
tadpole
$1 = alternate between sexual and asexual adults.
$2 = life cycle allows cycling with zoospores only or gametes onl;
Free swimming larvae are mechanically assisted in their 
attachment by the "slime" films. Bright and shiny surfaces are 
quickly discoloured by such films promoting macroorganism 
fouling as the majority of epibenthic animals are negatively 
phototropic when settling (zobell, 1946; Fisher, Castelli 
Rodgers, Biele and Taylor, 1984). As well as providing a carbon 
and energy source for certain macrofouling organisms, slime 
films also promote the deposition of calcareous cements and 
limit the effectiveness of toxic compounds that may be present 
at the substratum (antifouling surfaces) by binding and
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screening. Ravindran and Pillai, (1984) found that when both 
slimed (bacteriai) and control panels were immersed in the sea, 
both surfaces supported the growth of barnacles. However it 
seemed that the barnacles "preferred" the conditioned surfaces 
although this was not a prerequisite for macrofouling. previous 
investigations by Miller (1946) and recent observations by 
Little (1984) resulted in similar conclusions being drawn, 
although Daniel (1955) demonstrated that barnacle cyprid larvae 
did not settle on clean surfaces, conditioning in this case 
appeared to be a prerequisite for macrofouling.
Observations by Disilva (1962), and Neumann (1979), 
suggested that bacteria present as conditioning films induced 
settlement of Spirorbis larvae (Serpulidae). Morse (1984) 
identified the biochemical triggers of settlement and 
metamorphosis of certain marine molluscs. These were simple 
organic molecules derived from amino acids and larger protein 
conjugates of the amino acid inducers. These compounds are 
produced by specific algae and certain bacteria associated with 
recruiting surfaces. Similar exogenous biochemical control of 
organisms has been reported, for example coelenterates (Brewer, 
1976), bryozoans, (Woollacott, 1984), arthropods (Lewis, 1984), 
molluscs (Morse, Tegner, Duncan, Hooker, Trevelyan and Cameron, 
1981), annelids (Mitchell, 1984) and ascidians (Cloney and 
Torrence, 1984).
Mitchell and Benson (1984) investigated the behaviour of 
the marine fouling invertebrate Janua sp.. Their data indicated 
that bacterial populations produced extracellular polymers 
which stimulated larval settlement and metamorphosis of the 
juvenile Janua. Furthermore, they concluded that the process
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was lectin mediated, the larva carry the lectin protein, whilst 
bacterial populations produce the carbohydrate-lectin receptor 
in the polysaccharides comprising the biofilm.
Previously Kirchmann and Mitchell (1981) found significant 
differences in settlement of janua due to the presence of 
various bacteria within the biofilm, not all of which induced 
settlement. They also found that the age of the biofilm 
significantly influenced the numbers of larvae settling.
The implications for the settlement of other epibenthic 
organisms are widespread, for if the settlement of marine 
fouling organisms is a lectin mediated process, this would 
explain the reason why certain organisms are surface specific, 
whilst others are more widespread, depending upon the ability 
of the organism to produce one or several types of lectins 
which recognise different bacterial polysaccharides, or a 
single lectin that may bind to a wide range of polymers to 
different degrees of affinity. Morse (1984) concluded that 
these mechanisms although generally species specific (inducers, 
receptors, inhibitors etc.) will prove widely acceptable to 
other fouling organisms. This supports earlier work by crisp 
(1974), who had noted that the more advanced marine fouling 
organisms possessed "in built" mechanisms to aid the selection 
of a site for successful settlement, growth and ultimately 
reproduction.
From this review it is clear that the microfouling 
organisms are an integral feature of the fouling process. The 
microbial film is a complex assemblage of living and abiotic 
materials. Secreted polymeric substances facilitate adhesion of 
the microorganisms (Dempsey, 1981; Cook and Henschell, 1984),
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and may be available as a food source for settling organisms 
(O'Neill and Wilcox, 1971). In addition such mucilages provide 
a pH microniche which is particularly important to calcifying 
organisms (Yongue and Cairns, 1971) and in many cases is a 
prerequisite for metamorphosis (Muller, Wieker and Eiben, 
1976). The recent investigations by Mitchell and Kirchmann 
(1984) have shown that the fouling of surfaces immersed in the 
sea by macroorganisms may not be as haphazard as previously 
thought but may be dependent upon specific interactions between 
settling organism and the microorganisms in the conditioning 
films.
1.5. NON-CORROSIVE EFFECTS OF MARINE FOULING.
Marine fouling had been particularly problematic during 
the second world war, especially for warships operating in the 
Far East. These problems included the fouling of the underbody 
of flying boats (resulting in their inability to take off), the 
interference with actuating mechanisms of explosive mines and 
reduced efficiency of underwater acoustic devices (Redfield and 
Hutchins, 1952). This led to the assembly by the US Naval 
Institute, Annapolis and Woods Hole Oceanographic Institute of 
a full synopsis of marine fouling and its prevention (Anon, 
1952).
In recent years marine fouling has even posed a problem to 
the American space Research Program (Zachary, Taylor, Scott and 
Colwell, 1976). Work has been sponsored by the National 
Aeronautics and Space Administration (NASA) on the colonisation 
of reusable parachutes and booster rockets.
More importantly the fouling of ships' hulls causes
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considerable problems to trade and industry. Atherton (1900), 
considered the principal effect to shipping to be the enormous 
increase in hull resistance, resulting in excessive depletion 
of fuel merely to maintain the same passage velocity. This, 
along with the time lost in remedial measures (dry docking, 
hull repainting), results in considerable financial losses 
(Eikers, 1978). Wood (1967), concluded that fouling may cause 
up to a 50% increase in fuel consumption and Lackenby (1962), 
calculated that a slime film projecting more than 75 pm would 
cause an increase in the frictional resistance of a ship's 
hull.
Navigational buoys, because of their static nature in
seawater, are even more susceptible to fouling than are ships. 
Redfield and Hutchins (1952) recorded fouling as high as 122 
kg m“2. Table 1.5. outlines the fouling on navigational buoys 
after one year of service (after Wilkins, 1981).
Table 1.5. Biofouling on navigational buoys after 1 year.
CAUSAL ORGANISM WEIGHT OF FOULING (kg m"2).
Mussel 54
Barnacle 30
Kelp (macroalgae) . 4 0
The physical problems associated with marine fouling also 
cause substantial difficulties in the efficient operation of 
underwater sonar . equipment and other oceanic monitoring 
instruments. The operating efficiency of Ocean Thermal Energy 
Conversion devices (OTEC'S) depends upon the maintenance of 
surfaces with high heat transfer coefficients (Little, Morse,
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Loeb and Spieler, 1981). Mitchell and Benson (1981),
demonstrated a clear relationship between resistance to heat 
transfer and biofilm thickness (figure 1.7.).
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Figure 1.7. The relationship between heat transfer and biofilm 
thickness.
Several authors (Little et. a_l., 1981; White and Benson,
1984) have shown that the progressive decrease in heat transfer 
efficiency is attributed to the formation of fouling films on 
heat exchange surfaces such as titanium and stainless steel 
exposed to seawater. Thus epibenthic organisms (both micro- and 
macroorganisms) present a major hazard to the successful 
operation of these devices (Fetkovitch, Granneman, Mahalingham, 
Meier and Munchmeyer, 1978; Mitchell and Benson, 1981; 
Characklis and Cooksey, 1983).
Coastal power stations also suffer from the above 
mentioned problems since they also use seawater as a coolant.
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Due to careful operating practices (such as chlorination, 
sponge ball cleaning etc., Mitchell and Benson, 1981) the 
condenser surfaces do not normally suffer from the problems 
associated with macrofouling. However the intake pipes, valves 
and screens may become infested with fouling organisms, causing 
severe blockages and even shut down of the plant. The thin 
organic films that develop on the heat-exchange surfaces may 
cause only small changes in heat transfer efficiencies but are 
a very significant step towards biofilm development (Loeb and 
Neihof, 1975). Liebert, Sethuralingam and Larsen-Basse, (1981) 
noted that microfouling organisms incorporated inorganic 
deposits to produce thermally insulating films (they likened 
these films to the dental plaque formation on teeth).
Marine fouling on offshore structures can have a number of 
serious consequences, probably the most important from the 
engineering viewpoint is the considerable addition to 
structural loading (Rendall, 1980; Hardy, 1981? Heaf, 1981 and 
DePalma, 1984). Heaf (1981) has outlined some important effects 
of biofouling on offshore structures :
1) Macrofouling results in increased structural diameters, 
leading to an enlarged external area and consequent rise in 
hydrodynamic loading.
2) The increased drag coefficient results in increased 
hydrodynamic loading.
3) There is an overall increase in structural weight both in 
water and in air.
4) The structure may become affected by such phenomena as 
vortex shedding, which may lead to hy dro d yn a m ic  
instability.
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Heaf (1981), calculated that 50 mm. of marine biofouling 
would lead to a 5.5% increase in load resistance and Kingsbury, 
1981) determined that a 3 metre long member (1 metre diameter) 
with a 100 mm fouling layer, would entrap approximately 1 
tonne of seawater.
The disruption of protective coatings and stable corrosion 
films due to the growth of marine organisms has resulted in 
many investigations into this problem (Moss and Woodhead, 1970; 
Moss, 1973; Hardy, 1981; Kingsbury, 1981 and Pipe, 1981).
Fletcher (1976), noted that the rhizoids of the green alga 
Enteromorpha and other algae have been shown to penetrate the 
surface layers of paint coatings. If their numbers are 
sufficient, then extensive blistering and cracking may occur, 
resulting in exposure of the bare metal (Pipe, 1981). Hardy 
(1981) reported that the holdfasts of Desmarestia were strong 
enough to retain the paint substrate upon removal. However it 
appears that the hard fouling contributes the greatest physical 
damage to coatings (Pipe, 1981). By virtue of their growth 
processes, the calcareous plates cause a "plane" effect, 
removing shavings off coatings and leading to eventual failure 
(figure 1.8.).
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Figure 1.8. The effect of barnacle growth on a protective 
coating (Pipe,1981).
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The removal of some stable corrosion films has been 
attributed to the growth of algae, barnacles or surface 
disturbances caused by grazing fauna (pipe, 1981). The presence 
of these fouling organisms may also hinder the formation of 
protective corrosion films resulting in . the localised 
acceleration of corrosion (Iverson, 1972; Pipe, 1981).
Considerable operating difficulties have been ascribed to 
the presence of fouling organisms on exposed structures 
(Freeman, 1977 and Fletcher, Baier and Fornalik, 1984). The 
already costly and hazardous underwater inspections are even 
more problematic by encrusting organisms which have to be 
removed before weld joints can be inspected (Oldfield, 1981; 
Kingsbury, 1981). Ralph and Goodman (1979), concluded that 
inspection divers may take four fifths of their dive-time 
removing marine growths. Finally, the development of encrusting 
growths on sacrificial anodes may cause a breakdown in the 
cathodic protection systems used to minimise the corrosion of 
offshore structures.
1.6 THE CORROSIVE EFFECTS OF MARINE FOULING.
The corrosion of metals in seawater is an electrochemical 
process, involving separate anodic and cathodic areas on the 
surface of the metal (Menzies, 1971; Miller and King, 1975; 
LaQue, 1975). The anodic reaction may be represented as:
M = Mz+ .+ ze" (1.1.)
ie. the dissolution of metal ions from the anode surface. 
Simultaneously the cathodic process is the formation of 
hydroxyl ions from the reduction of oxygen :
02 + 2 H20 = 4 OH” (1.2. )
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If there was no restriction on these reactions, corrosion would 
continue unimpeded, however corrosion products and other 
materials precipitate and/or become deposited on the metal 
surface thus attenuating the corrosion mechanism. According to 
Fick's law of diffusion (1855), the movement of ions through 
the corrosion product layers/fouling materials may be expressed 
using the formula :
- dQ/dt = D (cb - ce )/d (1.3.)
This is an empirical law. The flux of material dQ/dt, which 
passes per second across one unit area is proportional to the 
concentration gradient at the crossing plane. D, the constant 
of proportionality, is known as the diffusion coefficient; c^ 
is the concentration of cations in the bulk; ce its 
concentration at the electrode (metal surface) and d is the 
distance over which the concentration change occurs.
CONCENTRATION
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figure 1.9 Schematic representation of diffusion of metal ions 
through an overlayer.
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For a steady state to occur, resulting in a constant rate of 
diffusion through the overlayer d (figure 1.9), the
concentration gradient must be uniform across d, otherwise 
accumulation or depletion of material would occur in certain 
regions of the overlayer.
For ions (or small molecules such as amino acids in water 
at room temperature) the diffusion coefficient D is in the
order of 10“  ^cm^ s~^, whilst for proteins and similar high 
molecular weight molecules values of 10“6 or 10“  ^cm2 s""1 are
more common (Laidler, 1978).
The diffusion of ions away from the metal, or oxygen 
towards the metal requires more careful consideration 
particularly since the diffusion pathways may vary due to the 
heterogeneity of the fouling layers. For oxygen reduction, any 
deposited films with high electronic resistance will hinder the 
cathodic reaction, similarly the migration of metal ions from 
the anodic areas will be affected by the "porosity" of the 
corrosion products to the cations released. Either process may 
become the rate determining step (RDS), depending upon the 
exact nature of the corrosion/biofouling layers that form and 
the bulk medium (figure 1.10).
Gerchakov and Udey (1984) and Ravindran and pillai (1984), 
commented that microorganisms interact with corroding surfaces 
in various ways, however corrosion and biofouling have 
traditionally been treated in isolation.
The possibility of microorganisms influencing the 
corrosion of metals was suggested as early as 1891 by Garrett, 
who postulated that the increase in corrosive action on lead 
water pipes may be due to the metabolic products of bacteria.
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Figure 1.10 Schematic diagram of the surface of a metal in 
seawater with respect to typical corrosion processes.
Further investigations were published by Gaines (1910)/ and 
Ellis (1919)/ concerning the possible role of bacteria 
(sulphate reducing bacteria/ sulphur oxidising bacteria and 
iron bacteria) in the corrosion of iron in soil, von Wolzogen 
Kuhr and van der Vlugt (1934) confirmed previous speculation of 
microbial involvement in the corrosion of metals. Their theory 
suggested that sulphate reducing bacteria (SRB) act as 
depolarisers or oxidisers by removing hydrogen from the metal 
(in their case steel) surface viz.
2 H+ + 2 e“ = 2 H = H2 (1.4.)
thus accelerating the dissolution of the metal (equation 1.1.).
Bultman, Southwell and Hummer (1974), investigated the 
long term corrosion rates of structural steels. They found that 
corrosion rates were significantly altered by the action and 
interaction of marine fouling macroorganisms and marine 
bacteria. They concluded that the developed fouling layer 
provided appreciable protection to the metal, the combined
39
corrosion scale and fouling cover reached a sufficient 
thickness in one year to form an effective barrier to oxygen 
diffusion. Pipe (1981), came to similar conclusions: that if
the dense fouling layer is not stimulatory to the growth and 
proliferation of SRB, then it will attenuate the overall 
corrosion process. However white (1984) found a correlation 
between dense masses of fouling bacteria and deep pitting 
corrosion of mild steel in seawater. Nivens, Nichols, Henson, 
Geesey and White (1986), concluded that a particular bacterium 
Vibrio natriegens, was capable of increasing the corrosion 
current density of AISI 304 steel when grown in a marine 
medium.
Many authors have commented upon the effects of biofilms 
on marine corrosion (Iverson, 1968; Kirkwood, 1981; Characklis 
and Cooksey, 1983). These included the involvement of 
extracellular polymeric substances which, due to their 
polyelectrolytic nature, may act as an electron sink at 
cathodic sites. Due to irregular growth, biofilm patchiness may 
lead to increased corrosion via the formation of differential 
concentration cells. Acidic secretions, the metabolic by­
products of many anaerobic organisms accelerate corrosion. The 
effects of SRB activity, causing cathodic depolarisation or 
sulphide production has been discussed by numerous workers 
(King, Miller and Wakerley, 1973; Cragnolino, 1983; Hardy, 1983; 
apd Cragnolino and Tuovinen, 1984); whilst the stimulation of 
the anodic process was noted by Obuekwe, Westlake, Plambeck and 
Cook, (1981) and Edyvean and Brook (1985).
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1.6.1. Differential aeration.
Non-uniform colonisation of a surface by bacteria and 
other organisms will result in the formation of differential 
aeration cells (Iverson, 1972; Efird, 1976; Pipe, 1981; 
Gerchakov and Udey, 1984 and Nivens et al., 1986). The oxygen 
concentration may become depleted as a result of the physical 
exclusion of the oxygen and the utilisation of oxygen by the 
microbial cells (metabolic reactions). Due to the difference in 
oxygen concentrations, a potential difference develops between 
the oxygen depleted region and more aerated areas surrounding 
the fouled region. Thus metal dissolution occurs under the 
oxygen depleted biomass (anodic region) and free electrons 
combine with oxygen and water to form hydroxyl ions at more 
aerated cathodic regions. This mechanism may lead to corrosion 
pitting of the metal surface and tubercle formation at the 
locus of activity (Kalinenko, 1959; Iverson, 1972; Miller, 
1980; Tiller, 1983) as shown in figure 1.11. Typical organisms 
involved in this type of corrosion include the non-filamentous 
iron bacterium Gallionella and the filamentous types in the 
genera crenothrix and Leptothrix. The environments below such 
tubercles may become sufficiently depleted in oxygen to support 
the growth of SRB (Bultlin, Adams and Thomas, 1949), resulting 
in accelerated corrosion due to the depolarising activity of 
these microorganisms, costerton (1986), noted that clumping of 
bacteria may evoke pitting corrosion whilst the same number of 
organisms evenly distributed would not cause such problems.
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figure 1.11. Differential corrosion and tubercle formation.
1.6.2. Sulphate reducing bacteria.
The SRB"s are classified as a physiologically distinct 
group of anaerobic bacteria (Gall and Postgate, 1973). Their 
oxidative metabolism is based not on fermentative mechanisms 
but on the reduction of sulphate or other inorganic sulphur 
compounds. Examples are shown in table 1.6.
Southwell, Bultman and Hummer, (1974) reported on the
effect of marine fouling on corrosion. Initially they recorded
high rates of corrosion but these were attenuated by the
development of fouling layers. However, as the biofilm
thickness increased, the oxygen levels at the base of the film 
were sufficiently low to support the action of SRB, negating 
the earlier beneficial effects (figure 1.12). Characklis (1984) 
commented that such niches may occur under only 10 pm thick 
biofilms and Hamilton (1983) noted that SRB became established 
in primary films within 3 weeks of immersion but their activity 
was restricted to anaerobic places within the film.
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Table 1.6. Sulphate Reducing Bacteria (Postgate, 1984).
Form Flagella Motility Spores
Desulfovibrio
desulfuricans Vibrio Single, polar + —
vulgaris Vibrio Single, polar + -
gigas Spirilloid Lophotrichous + —
africanus Sigmoid Lophotrichous + —
salexigens Fat vibrio Single, polar + —
thermophilus Rod Single, polar + —
baculatus Rod Single, polar + —
baarsii Vibrio Single, polar + —
sapovorans Vibrio Single, polar + —
Desulfobacter
postgatei Ellipsoidal rod — — —
Desulfobulbus
propionicus Lemon/onion shape — — —
Desulfococcus
multivorans Spheres — - —
Desulfonema
limicola Long filament — gliding —
magnum
Desulfosarcina
variabilis
Long filament 
Packages, irregular
gliding/rolling
Desulfotomaculum
nigrificans Rod Petritrichous ‘tumbling’ +
orientis Fat vibrio Petritrichous + +
ruminis Rod Petritrichous + +
acetoxidans Rod Petritrichous + +
antarcticum Rod Petritrichous + +
OXYGENATED WATER
 100%----
oxygen f AEROBIC ORGANISMS CONSUME OXYGEN
tension AND PRODUCE CARBON SPECIES.
1
ANAEROBIC HETEROTROPHS, FERMENTATIVE PRODUCTS 
INCLUDE HYDROGEN AND ACETATE.
I
ANAEROBIC BACTERIA USE CARBON SOURCES, SULPHATE S^2’ 
REDUCING BACTERIA PRODUCE SULPHIDES.
S2'
METAL SUBSTRATE
Figure 1.12. Relationship between organisms growing in a 
fouling layer on a metal surface (after Sanders 
andMaxwell,198 3;Costerton,19 86;Hamilton,19 8 6 ).
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The mechanisms by which SRB induce or accelerate corrosion 
have been outlined by many workers including Iverson (1972); 
Salvarezza and Videla (1984), and Cragnolino and Tuovinen 
(1984). These are briefly outlined below:
1) Stimulation of the cathodic reaction by direct removal of 
atomic hydrogen due to enzymatic activity, bacterial cell 
hydrogenases, if present, may act as depolarising agents. 
Cathodic depolarisation may also occur indirectly by the 
production of mixtures of sulphides and hydrogen sulphide.
2) Acceleration of the anodic process by the action of
sulphide ions, or other sulphur species generated by SRB.
3) Combination of effects.
1.6.3. Corrosive secretions.
SRB are not the only fouling organisms implicated in 
corrosion due to the release of acidic metabolites. Tiller
(1983) recognised 3 important groups with the potential to 
initiate or accelerate corrosion :
1) Fungi.
2) Algae.
3) Aerobic and anaerobic bacteria.
The corrosive metabolites are generally inorganic or organic 
acids, for example the production of sulphuric acid by certain 
Thiobacillus species may be in such quantities as to cause a pH 
decrease to as low as 0.7, with highly corrosive consequences 
(Miller, 1980) .
Research by Terry and Edyvean (1981,1983) and Edyvean and 
Terry (1983) demonstrated significant changes in pH within 
biofilms on steel (figure 1.13). They found that very 
aggressive conditions (pH <3) could develop under decaying
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microalgae (Navicula spp.). Also, living cultures of 
Enteromorpha grown on 50D steel produced diurnal pH changes at 
the base of the biofilm. These differences may be sufficient to 
set up corrosion cells. Eppley and Bovell (1958), reported that 
the algal species pesmarestia can liberate free sulphuric and 
malic acids and Hardy (1981) suggested that the malic acid may 
stimulate the action of SRB.
Little, Walch, Wagner, Gerchakov and Mitchell (1984), 
attributed the accelerated corrosion and early failure of 
brazed nickel operating at high temperatures to the growth and 
proliferation of thermophilic microorganisms secreting 
corrosive metabolites. The implications of this mode of action 
due to the activity of specialised bacteria have yet to be 
fully appreciated.
5 15 20 25 3010
Days
Figure 1.13. pH under a decaying culture of colonial diatoms 
(Navicula spp.), after Edyvean and Terry, 1983.
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1.6.4. Macrofouling and corrosion.
Ruimu, Dekai, Xuebau and Jiancheng (1984) investigated the 
effects of macrofouling on the corrosion of steels in marine 
environments. They concluded that the formation of hard fouling 
layers on carbon steels and low alloy steels can reduce the 
overall corrosion rates. This was mainly due to the reduction 
of available area for corrosion. However, barnacle 
proliferation may induce uneven corrosion and the residual 
exoskeletons of dead organisms can stimulate crevice corrosion.
It is interesting to note that the enzyme system 
responsible for the cathodic depolarisation process in SRB is 
not limited to such organisms. Frenkel and Rieger (1951), 
reported that marine fouling algae Ulva lactuca (green), 
Ascophyllum nodosum (brown), porphyra umbilicalis (red) and 
certain cyanobacteria (blue-green algae), possess such enzyme 
systems.
Macrofouling may influence marine corrosion in the 
following ways:
1) Oxygen concentration cells. Rao (1980), noted that marine 
fouling organisms such as barnacles damage surface coatings 
and create conditions for severe crevice and pitting 
corrosion, certain algal holdfasts may also lead to similar 
problems (figure 1.14).
2) Oxygen reduction by organism. Gaps in the fouling cover may 
give rise to local oxygen concentration cells as different 
species may reduce oxygen to different levels. Woolmington 
and Davenport (1983), investigated the oxygen levels beneath 
marine fouling organisms. They found oxygen partial 
pressures greatly decreased under hydroid colonies
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(Botryllus schlosseri and Tubular ia indivisa) and zero 
oxygen tension under sea anemonies (Metridium sp.). Ralph, 
Goodman and Picken (1981) explained that the colonial 
hydroid TubuJLajr^ia sp . produces a mat of thread-like 
structures trapping vast amounts of silt close to the metal 
substrate thus creating a microenvironment suitable for the 
proliferation of SRB.
3) Localised pH changes have been detected under plant and
animal settlements. Algal species have been noted to raise
the local pH to 10 (Terry and Edyvean, 1981) and Woolmington 
and Davenport (1983), have reported that animal fouling can
reduce the pH levels to as low as 4.45.
Algal holdfast
High 0- concentration 
(Cathode)
High 0~ concentration 
( Cathode)
Corrosion
Low 07 concentration 
(Anode)
Figure 1.14. Algal holdfast inducing a differential aeration cell.
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Gerchakov, Roth, Sallman, Udey and Marszalek (1977), 
summed up the relationship between biofouling and corrosion 
viz. " an assemblage of organisms, whose composition is 
undoubtedly influenced by the intrinsic chemical properties of 
seawater and who's metabolic products contribute to the 
chemistry of seawater come in contact with a metal surface. The 
final characteristics of the community will be determined by 
the peculiarities of individual members and the physicochemical 
circumstances at the metal/water interface, in turn, the 
presence of a periphytic community will affect the metal/water 
interaction".
In summary organisms affect the corrosion of metals in 
seawater by producing oxidising or depolarising agents in the 
form of their metabolic products. Epibenthic organisms (both 
animals and plants) may induce or accelerate corrosion by the 
formation of differential concentrations of depolarising 
agents, oxygen or chemical concentration cells. Certain 
anaerobic bacteria which can activate and utilise molecular 
hydrogen may facilitate the cathodic process and thus promote, 
metal corrosion. Interference with the formation of protective 
films, or their destruction, by organisms, may also greatly 
contribute to the overall rate of corrosion.
1.6.5. Factors affecting biofilm formation.
The development and proliferation of a fouling community 
is subject to the surrounding environmental conditions. 
Redfield and Deevy (1952) and De (1984), noted considerable 
differences in fouling levels between tropical and temperate 
waters. In tropical climates seasonal changes are slight whilst 
considerable variations occur in temperate regions. Such
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variations are reflected in the compositions of the epibenthic 
communities (LaQue and Clapp, 1945; Houghton, 1978; Callow, 
1984). Table 1.7. outlines the major factors influencing the 
biofouling community. It is suggested that the reader consults 
the individual references for more detailed information.
Table 1.7. Factors affecting epibenthic communities.
FACTOR COMMENT SOURCE
TEMPERATURE
SALINITY
LIGHT
INTENSITY
OXYGEN
DEPTH
DISTANCE 
FROM SHORE
HYDRODYNAMIC
FORCES
NUTRIENT
SOURCE
NATURE OF 
SUBSTRATUM
POLLUTION/
WATER
QUALITY
Influences distribution, 
fecundity and diversity 
of fouling.
Marked changes in 
faunistic groups.
Particularly affects 
algal fouling.
Essential for aerobic 
growth, detrimental to 
anaerobes.
Generally less fouling 
with increased depth.
Most epibenthic organisms 
originate from coastal 
habitats.
Affects initial attach­
ment and may cause exfol­
iation of developed films
Attachment may depend 
upon the available food 
levels.
Surface charge, texture, 
wettability affect 
fouling.
Selective tolerant 
organisms may survive.
Characklis and Cooksey (1983); 
Redfield and Deevy, (1952); 
Loeb, Bailey and Wajagrass,
(1983) .
Redfield and Deevy, (1952); 
Ravindran and pillai,(1984).
Kingsbury, (1981); Jones, 
(1986).
Karande and Srivastava,
(1984).
Kingsbury, (1981); Mitchell 
and Benson, (1981).
Kingsbury, (1981).
Mitchell and Benson, (1981); 
Jones, (1986).
Kingsbury, (1981); Mitchell 
and Benson, (1981); Duddridge 
and Pritchard,(1981);
Edyvean and Terry, (1984).
Dexter et al. (1975); 
Marshall, Stout and Mitchell, 
(1981);Crisp et al. (1985).
Hutchins, (1952); Karande 
and Srivastava, (1984).
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1.7. BIOFOULING AND CORROSION - PREVENTION AND CONTROL.
The problems created by marine fouling and corrosion 
result in major economic expenditure. Either materials to be 
used are resistant to fouling (antifouling), or remedial action 
becomes a necessity. To date, the most common methods of
. o  ■
corrosion control involve cathodic protection systems and 
anticorrosive paints or coatings, whilst biofouling is removed 
by various cleaning methods and/or antifouling (AF) 
compositions are employed. The major antifouling methods and 
their applications are outlined in the appendix.
1.7.1. Mechanical methods.
Mechanical methods of fouling removal are still the most 
widely used remedial techniques employed. This includes jetting 
(submerged structures eg. pipelines/oil platforms legs, ship's 
hulls etc.) and. rotary brush/rotary chippers, the latter are 
particularly useful for the removal of heavily fouled and 
damaged bitumastic paints. The inclusion of grit or sand during 
jetting procedures produces surfaces ready for repainting with 
anticorrosive paint systems.
1.7.2. Antifouling paints.
paints incorporating toxic metals such as copper and tin 
are widely used as preventative methods and have yet to be 
superseded by any other AF systems. The effectiveness of such a 
system depends upon the leach rate of the poisonous metal and 
repainting is required every few years to minimise settlement.
1.7.3. Corrosion protection.
Structural steels and other metals used in marine 
environments are generally protected by individual corrosion 
protection techniques or a combination of methods. The most
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effective include cathodic Protection, impressed Current, or 
the application of Anticorrosive Coatings, (steensland, 
Anderson and Sydberger, 1981; Duncan, 1984). A full discussion 
of these methods is beyond the scope of this thesis, for a 
comprehensive account consult the recent text of Chandler
(1985).
1.7.4. Costs of Biofouling and Corrosion.
The overall losses attributed to corrosion account for 
approximately 3.5% of the U.K. gross national product. This is 
greater than the combined losses due to natural disasters and 
accounts for approximately £6,500 million per annum (Nicholson, 
1986). Rao (1980) estimated that corrosion in the intertidal 
zone was ten times that of a dry, unpolluted environment.
The removal of fouling on offshore platforms has been 
estimated to involve between 20,000 and 30,000 diver days 
costing between £15 and £24 million per annum, by 1990 this 
expenditure may exceed £30 million per annum (Nicholson, 1986). 
The overall cost to U.K. merchant shipping was noted to be 
approximately £50 million attributed to fouling related 
problems (Freeman, 1977) and the Royal Navy spends 20% of its 
annual fuel budget in overcoming the drag resistance resulting 
from biofouling (Field, 1981).
It has been suggested that the considerable expenditure 
related to biofouling and corrosion in marine environments 
could be reduced by the careful selection of biofouling and 
corrosion resistant materials (Anon, 1984). For example by 
sheathing of platform supports (oil rig legs) with 90/10 
cupronickel, the overall platform cost could be reduced by as 
much as 9% (table 1.8.). Further savings would be made in the
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reduction or e l i m i n a t i o n  of b i o f o u l i n g / c o r  rosion 
countermeasures.
Table 1.8. Potential savings by the use of cupronickel alloy 
cladding on offshore platforms (Anon,1984).
ENVIRONMENT MILD MODERATE SEVERE
(Malaysia) (Gulf of Mexico) (North Sea)
MATERIAL &
FABRICATION 1950 1950 4750
COSTS ($/Tonne)
WEIGHT 174 404 2472
SAVING (Tonnes)
MAXIMUM 480,000 880,000 8,700,000
SAVINGS ($)
% COST OF
TOTAL STRUCTURE 4 6 9
1.8. CUPRONICKEL ALLOYS.
The suitability and applications of copper and copper-
based alloys for marine environments as corrosion resistant 
materials have been well documented (Hay, 1863; Atherton, 1900; 
LaQue and Clapp, 1945; Stuart and LaQue, 1952; Nicholson and 
Todd, 1980) and although these materials are known to be 
naturally antifouling, it has only been a comparatively recent 
development that such materials are being applied where both 
corrosion resistance and non-fouling properties are required.
Initial research on cupronickel alloys was carried out in
the 1920's, however success as corrosion resistant materials
was limited and it was not until the mid 1930 's that major
improvements were made by the addition of small amounts of 
iron. Extensive research and development resulted in the
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production of the copper alloy 706 (10%Ni, 1.5%Fe, bulk
copper), which today is in widespread use.
Some well established applications of the alloy 706 (CDA
706, ASTM Bill, DIN 17664; table 1.9) includes heat-exchange 
conduit for ships, coastal power stations and desalination 
plants. More recently alloy 706 has been used to clad offshore 
platform legs (Morecambe Bay, plate 1.1.), inlet screens of 
power stations, mesh cages for fish-farming (Anon, 1981) and 
even ships' hulls (Moreton and Glover, 1980; Moreton, 1981,1985 
and Wildsmith, 1984). In addition to the corrosion resistant 
properties of alloy 706, Gilbert (1979) noted that the material 
had significant engineering advantages. These included simple 
fabrication, ease of welding/installation, a long life 
expectancy (>20 years) and considerable savings in overall 
design weight. As the corrosion resistance was the main 
concern, the antifouling properties were considered a bonus.
Table 1.9. Composition of alloy 706.
ELEMENT PERCENT WEIGHT
Ni
0
 •
1—1 
1—11
o
•
Ch
Fe $ 1 .0-2.0
Mn $ 0 .3-1.0
S 0.5
P 0.3
Pb 0.1
CU remainder
total impurities <0.30%
$ = element added to improve corrosion resistance.
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Plate 1.1.Cupronickel cladding of Offshore gas platform legs.
First commercial use of Kunifer 10 as offshore cladding 
material, Morecambe Bay, Irish Sea, U.K.
1 = Kunifer 10 cladding.
2 = Epoxy coal tar.
3 = Steel with epoxy coal tar removed, in the process of
cleaning before re-application of epoxy coal tar.
Reproduced with permission - p.R.W. Keel, Hydrocarbons U.K.
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1.8.1. Corrosion resistance.
Copper-based alloys are in practice, resistant to general 
corrosion by seawater, the only likely problems occur in the 
form of pitting/crevice corrosion and erosion corrosion if the 
level of suspended solids in the water is abnormally high, or 
if the alloy is used at high water velocities (>3.5 ms”-*-). 
However, occasional problems have been reported when equipment 
has been used intermittently (allowing the water to stagnate), 
or in polluted, anoxic waters. The corrosion resistance of the 
alloy is reduced as a result of the breakdown in the protective 
films by the action of sulphide or other sulphur compounds 
(Macdonald, Syrett and Wing, 1979; Sanchez and Schiffrin, 1982; 
Kato, Pickering and castle, 1984; Francis, 1986; Joseph and 
Hammond, 1986). Pope, Duquette, Johannes and Wagner, (1984) 
suggested that the corrosion of industrial copper-based alloys 
may originate from the vital activities of marine organisms, 
resulting in the formation of sulphide or other corrosive 
substances (ammonia, organic acids etc.). In situations where 
sulphide pollutes the seawater careful material selection may 
be the answer, although the majority of alloys will be 
susceptible and in such instances, higher than average 
corrosion rates should be accounted for within the design 
specifications.
The excellent corrosion resistance of copper-based alloys 
has been attributed to the small additions of iron (Bailey, 
1951; Stuart and LaQue, 1952). Gilbert, (1979) noted that the 
resistance of 90/10 cupronickel to impingement attack rose with 
increased iron content up to 3.5%, as long as the iron remained 
in solid solution (ensured by quenching from about 900°C.).
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Alloy 706 has been accepted because the majority of iron 
remains in solid solution upon quenching, whereas higher iron 
content alloys form precipitated phases. Table 1.10. outlines
the general corrosion resistance of alloy 706 as compared with
other materials widely used in marine environments (after 
Scholes, Astley and Rowlands, 1977).
Table 1.10. Corrosion of metals and alloys in seawater.
MATERIAL CORROSION RATE $l(mm yr"1)
COPPER 0.03
90/10 CuNi 0.02
70/30 CuNi 0.02
STAINLESS STEEL$2 0.005
MILD STEEL 0.15
$1 1mm. = 40 milli-inches.
$2 = AISI 316
Scholes et al.. (1977), investigated the corrosion rates of 
alloy 706 and AISI 316 stainless steel immersed in seawater. 
They found that although the corrosion rate of the steel was 
lower than the alloy 706, the steel had suffered considerable 
pitting attack. Wildsmith (1984), noted that under normal 
circumstances, the 706 alloy was not susceptible to this form 
of attack or stress corrosion cracking (another problem of 
using the 316 steel in seawater) and Gilbert (1979), was unable 
to trace any documentation of service failure of the 706 alloy 
attributed to this form of corrosion.
1.8.2. The protective layer.
The nature of the protective film on the 706 alloy has 
been the subject of many investigations (Ijsseling and 
Krougmann, 1977; Ijsseling, Krougmann and Drolenga, 1980;
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Castle and Parvizi, 1982; Kato, Pickering and castle, 1984; 
Castle and Parvizi, 1985). The main investigative difficulties 
have arisen because of the heterogeneous nature of the 
protective film (and its sublayers) and the lack of (until 
recently), surface sensitive analytical techniques. Before such 
techniques as X-ray photoelectron spectroscopy (XPS) were 
generally available, North and Pryor, (1970) investigated the 
corrosion behaviour of alloy 706 in 3.4% sodium chloride 
solutions (isotonic with seawater). They suggested that the 
good corrosion characteristics stemmed from a film that 
inhibited the cathodic process. Anodic dissolution appeared to 
be unaffected.
It had previously been concluded that the iron in solid 
solution increased the corrosion resistance of the alloy 
(Stuart and LaQue, 1952). Gasparini, Della and Ionannili (1970) 
suggested that an iron layer formed increasing the erosion- 
corrosion resistance and enabling the real protective film to 
form underneath. Popplewell, Hart and Ford, (1973) had 
suggested that a complex iron phase formed (precipitated 
Fe(IIl) compounds) and this resulted in high ionic resistance. 
Efird, (1976) had found that with iron in solutionised form, 
excess nickel was present in the non-oxidised state, this 
nickel was believed to be incorporated into a cuprous oxide 
layer resulting in high ionic and electronic resistance (North 
and Pryor, 1970).
Castle and Parvizi ( 1982) and Kato et al. (1984) used XPS 
and concluded that a porous iron-rich layer did form over a 
protective cuprous oxide film when the alloy 706 was exposed in 
3.4% sodium chloride solutions. Blundy and Pryor, (1972) noted
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that a duplex corrosion film formed consisting of atacamite, 
overlying a compact cuprous oxide inner layer, although it was 
not until XPS investigations by Kato, castle, Ateya and 
Pickering, (1980) that the true hierarchy of the protective 
layers were confirmed. A thick loose outer layer composed 
mainly of paratacamite (cu2 (OH) 3.CI) covered an inner layer 
which contained significant levels of chloride, oxygen, copper 
and some nickel. The inner film appeared to be adherent and was 
responsible for the excellent corrosion resisting properties as 
this layer was highly resistant to both the transport of ions 
and electrons.
Parvizi (1985), investigated in detail the behaviour of 
the 706 alloy using both XPS and electrochemistry to determine 
the full nature of the corrosion resisting layers. Different 
layers in the surface film were found to be responsible for 
inhibiting the anodic and cathodic reactions. The outermost 
film was identified as paratacamite (probably deposited from 
solution), a middle porous layer consisted of copper, nickel 
and iron (in approximately equal proportions) as oxides, 
chlorides or more complex substances and the innermost film 
contained copper, oxygen and chlorine. However, this work and 
previous investigations, because they were mainly carried out 
using simple salt solutions or artificial seawaters, did not 
truly reflect on the nature of the films that form in marine 
environments. Recent investigations using real seawaters (in 
laboratory aquaria), has furthered our knowledge of the natural 
film composition but because of the "closed system" approach 
the results do not fully reflect the behaviour of the alloy in 
real "dynamic" marine environments.
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1-8.3. Organic molecules.
In sodium chloride solutions and synthetic seawaters, the 
formation of the protective film on the 706 alloy is well 
defined and orderly, however in real living seawaters, film 
formation is less predictable and it has been suggested that 
organic materials (both abiotic and living) present in seawater 
somehow interact with the formation of the protective layers.
Bianchi, Fiori, Longhi and Mazza (1978) suggested that the 
nature of the protective films depended upon the composition of 
the natural water considered. Electrochemical investigations by 
Nelson and Mantoura (1984) and Nelson (1985), indicated that 
naturally occurring organic materials strongly interact with 
the speciation of copper in seawater, simple molecules such as 
cysteine and fibrinogen increased the electrical conductivity 
of cuprous oxide films (Mueller, 1982). It is not just the 
change in electrochemical properties but such materials may 
also effect the fouling performance by interaction with the 
copper.
Preliminary work on the effects of organic materials on 
the 706 alloy were carried out by Castle, parvizi and 
Chamberlain, (1983). They concluded that the films that formed 
in seawater contained organic materials interwoven with the 
inorganic components, temporary loss of cathodic inhibition was 
observed when the samples were exposed to seawater containing 
transient oxygen levels. This suggested that the incorporated 
organic molecules may interfere with the corrosion resisting 
properties of the 706 alloy.
With readily accessible surface sensitive instruments and 
electrochemical apparatus the way is now clear to undertake a
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more comprehensive study of the effects of naturally occurring 
organic materials on the corrosion behaviour of the 706 alloy.
1.8.4. Marine biofouling of the 706 alloy.
The antifouling properties of the 706 alloy have been well 
documented (LaQue and Clapp, 1945; Efird and Anderson, 1975; 
Blunn and Jones, 1984 and Hall and Baker, 1986). Its 
suitability as an antifouling material stems from the fact that 
copper in sufficient levels is toxic to most epibenthic marine 
organisms and apart from mercury (environmentally unsuitable) 
and silver (economically unsuitable) is the most toxic metal 
available for antifouling purposes (table 1.11.).
Table 1.11. Comparative Toxicity to marine fouling organisms of 
various metals in seawater solutions (after Ketchum, 1952).
METAL COMPOUND BARNACLES 
1 2
MUSSELS 
3 4
BRYOZOA 
5 6
GENERAL
7
SILVER SULPHATE 0.4 0.2 0.2 0.5
•—1 •
o
COPPER CARBONATE 0.41
CHLORIDE 0.7 1.0 0.5 <0.5
CITRATE 0.60
TARTRATE 0.58 0.17
METAL 0
MERCURY CHLORIDE 1.0 0.5 0.9 2.0 1.0 0.5
MANGANESE SULPHATE 8.0 10 10
ZINC NITRATE 32
o•00 5.0 15 10 5
METAL 0.2
IRON SULPHATE 5.0
METAL 10
ARSENIC OXIDE 13 40 10 10
TIN CHLORIDE 15
METAL 6
CADMIUM SULPHATE 30 50
LEAD SULPHATE 40 .
METAL 10
ALUMINIUM METAL 10
1= concentration required to kill all barnacles in 2 days 
(mg/1), 2= 5 days; 3= concentration required to prevent
attachment of 50% of mussels tested; 4= 100%; 5= concentration 
which killed all bryozoa in 2 hours; 6= 5 hours. 7= amount of 
fouling after 6 weeks exposure, 0= clean, 10= completely 
fouled.
60
The toxicity of copper is generally attributed to the
action of the cupric ion (Cu2+), which affects enzyme systems 
(Swain, Farrar and Hutton, 1982) and the basic molecular 
structure of organisms (Andrew, Biesinger and Glass, 1977).
Toxic effects are probably due to chelation with active sites :
Cu2 + + . L” = CuL+ (1.5.)
CUL+ + L“ = CUL2 (1.6.)
where L is the amino acid ligand in the form of “0 0C-R-NH2 
(Swain, 1982).
The effectiveness of copper as a toxicant depends upon the 
rates of uptake and excretion of the material from the
organisms' metabolic pool. This in turn depends upon the type 
of organism, age, susceptibility, behavioural response and the 
ambient physical and chemical conditions of the seawater 
(Miller, 1946). The chemistry, toxicology and inter-relation of 
the biofouling and corrosion of copper in seawater is covered 
in detail by the texts of Ferry, (1952); Swain, (1982) and 
Lewis, (1984).
Various data have been published outlining the leach rates 
of copper required for successful antifouling. LaQue and Clapp, 
(1945) stated that copper should exceed 4.5-7.0 fig cm” 2day”l 
in order to prevent fouling. More recently, Banfield, (1980) 
suggested that 1-2 jig cm”2day“-1- would prevent settlement of 
sensitive organisms (eg. molluscs), 10 pg c m " 2day “ 1 was 
necessary for barnacle larvae and up to 20 pg cm”2day~l to 
prevent the formation of diatom slimes. Swain et_ a].. (1982) 
reported that fouling occurred with copper efflux rates as high 
as 87 pg cm~2day_1, although it is likely that their figures 
were erroneous as their data did not account for the initially
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high copper efflux rates immediately following immersion.
LaQue and Clapp, (1945) also suggested that the sporadic 
exfoliation of corrosion products is an important antifouling 
mechanism to be considered along with the toxicity of the 
substrate. comparative experiments on the corrosion and 
biofouling of aluminium brass (CDA 110) and alloy 706 in marine 
environments indicated that although both alloys fouled to 
similar levels, the corrosion of the brass was three times 
greater than the cupronickel (Efird, 1976). This suggests that 
the nature of the corrosion products film and not necessarily 
the corrosion rate, determines the fouling resistance of the 
alloy. LaQue, (1972) concluded that 5pg cm”2day”  ^ was the 
critical release rate of copper to maintain a surface free of 
organisms, equivalent to a corrosion rate of 0.8 mm yr” ,^ 
although this would be an order of magnitude lower for 
materials maintaining a cuprous oxide film. Thus it is likely 
that the antifouling properties of the 706 alloy result from a 
combination of surface characteristics, dissolution of copper 
ions and periodic exfoliation.
The fouling of the 706 alloy is limited to those .organisms 
that are tolerant to copper. Such organisms include some 
species of bacteria, diatoms, certain macroalgae (eg. 
Ectocarpus sp.) and certain macroorganisms (eg. some 
barnacles). Their success as fouling organisms depends upon 
their ability to detoxify the copper.
Marine bacteria fouling the 706 alloy have been noted to 
detoxify the copper intracellularly or in secreted mucilages 
(Bl'unn and Jones, 1984; Jones, 1986). Hendey, (1951) noted that 
marine bacteria isolated from copper-based antifouling panels
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were able to grow in artificial media containing up to 200 ppm 
copper. Such bacteria secreted acid polysaccharide cementing 
materials and were able to bind and precipitate copper salts 
with no apparent harm to the bacteria (Corpe, 1975). These 
secretions typically contain polyanionic components (eg. uronic 
acids) and support metal chelation (White and Benson, 1984). 
Such sheet-like matrices of adhesive polymers may act as 
diffusion barriers to the copper ions, encouraging the 
settlement of other, less tolerant organisms (Marszalek et al., 
1979).
Hendey (1951) attributed the ability of diatoms to 
colonise copper-based surfaces to their mucilaginous 
secretions. Ultra/structural observations by Daniel and 
Chamberlain (1981) on diatoms colonising cuprous oxide surfaces 
indicated the presence of "copper-bodies" within the, cells. 
This suggests that the organisms may bind copper 
intracellularly, reducing the free copper levels and minimising 
its toxic action.
Cajiipe, Veroy and Montano ( 1980 ) noted that the 
polysaccharide secretions of algal cells were able to chelate 
heavy metals and Morris (1972) found that organic products of 
the marine alga Ectocarpus siliculosus chelated free copper. 
However, recent investigations on this alga have indicated that 
the extracellular exudates are not the main protective 
mechanism, rather intracellular changes and modifications of 
the algal cell wall enables survival on toxic surfaces.
In summary, it is clear that the organisms that can 
settle, grow and reproduce on the 706 alloy, do so by virtue of 
the specific mechanisms which isolate the majority of copper
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from the organisms' metabolic pool. These include extracellular 
interactions (binding of copper by mucilaginous secretions), 
active exclusion mechanisms and intracellular immobilisation 
with the development of subcellular granular complexes (copper 
bodies) and as a consequence of some of these mechanisms, other 
less tolerant organisms may be able to colonise the alloy 
although in general, fouling on the 706 alloy is restricted to 
bacterial/diatomaceous slimes depending upon the exact nature 
of the immediate environment.
1.9. OBJECT OF THE PRESENT STUDY.
From the present survey it can be seen that 
biodeterioration in the form of marine biofouling and corrosion 
has been extensively studied, however, the early process of 
adsorption of organic macromolecules and their effect on the 
subsequent development of fouling communities and corrosion 
films has been overlooked.
With the availability of surface sensitive instruments: 
(XPS), able to detect single molecule layers; electrochemical 
apparatus (both DC and AC impedance equipment), to investigate 
the effects of such molecules on the corrosion behaviour of the 
alloys; and electron microscopes with the facility to identify 
the constituents of biological/corrosion films; the time is now 
right for an interdisciplinary investigation into the effects 
of such molecules on the behaviour of a corrosion resistant 
cupronickel alloy.
Previously, investigations into the corrosion and 
biofouling of materials immersed in the sea have generally been 
treated in isolation. In this study, marine dissolved organic 
macromolecules will be extracted from the seawater using
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relatively well tried and t e st e d m e t h o d s  such as
ultrafiltration and chloroform-emulsion extraction techniques, 
the material collected will be analysed to gain both 
qualitative and quantitative data about its physical and 
chemical characteristics. The effects of such macromolecules on 
the corrosion and biofouling behaviour of the alloy will be 
ascertained us ing the a v a i l a b l e  f a c i l i t i e s  (XPS,
electrochemistry and microscopes), with a view to gaining 
information about the influence (if any), of such materials on 
the biodeterioration of the alloy.
The next chapter describes the materials and methods used 
to carry out this research: preparation of the alloy under 
investigation, seawater collection, extraction and isolation of 
the dissolved organic fractions are covered in the first five 
sections followed by the methods employed to investigate the 
influence of such materials on the alloy and its subsequent 
development in marine environments. These include 
microbiological analyses, x-ray photoelectron spectroscopy,
x-ray diffraction/energy dispersive x-ray analyses and 
electrochemistry.
Chapter three covers the results of the above 
investigations. This chapter is presented as eight sections; 
section one consists of the quantitative and qualitative data 
obtained for the organic extracts, section two is concerned 
with the "appearance" of such molecules on the cupronickel 
alloy and section three covers the electrochemical behaviour of 
the alloy in the presence of dissolved organic materials. In 
section four, the development of biofouling and corrosion films 
on the untreated cupronickel alloy is reported and this is
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followed by a parallel study on the development of such films 
after organic pretreatment.
Part way through the research, it was realised that the 
electrochemically pretreated alloy displayed potentially better 
corrosion resistance than the untreated material, this property 
was attributed to the presence of specific passivating films 
(Parvizi, 1985). However, as this branch of the research had 
never been pursued further than laboratory investigations, a 
series of marine trials were conducted; these are reported in 
section six followed by the results of a marine trial in which 
cupronickel of various iron contents were investigated for 
their biofouling and corrosion resistance (section seven). 
Section eight completes the results chapter and is concerned 
with the anomalous corrosion of cupronickel alloy fish-cage 
mesh after marine immersion.
The results are discussed in chapter four and the study is 
concluded in chapter five with suggestions for future work.
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CHAPTER TWO - MATERIALS AND METHODS.
The alloy used for biofouling and electrochemical 
experiments was supplied by Yorkshire Imperial Alloys Ltd. in 
the form of 1 inch diameter, 18 standard wire gauge (0.048 inch 
thick) 706 alloy. As all the experimental was carried out on 
the 706 alloy supplied by YIA, its proprietary name, "Kunifer 
10" will be used throughout the following text. Chemical 
analysis indicated that the Kunifer 10 complied with B.S. 2781 
(table 2 .1 ).
Table 2.1. Spectrographic analysis of Kunifer 10 (YIA).
ELEMENT COMPOSITION (%)
NICKEL 
IRON
MANGANESE 
ZINC 
COBALT 
COPPER
2.1. Material preparation.
Slit and rolled condenser tube was cut by guillotine to 
size; 15x20 mm for electrochemical experiments and 12x50 mm for 
marine immersion experiments, the latter size allowed a single 
specimen to be cut into separate portions for scanning electron 
microscopy (SEM), x-ray photoelectron spectroscopy (XPS) and 
other analyses when required. Each specimen was degreased in 
acetone (all chemicals were analytical grade unless specified 
otherwise), abraded and polished with a series of emery papers 
(600 grit, 800 grit and 1200 grit), washed in deaerated 1 0 % 
(w/v) sulphuric acid and rinsed in methanol before vacuum 
desiccation.
For marine immersion experiments, samples were attached to 
weighted varnished marine plywood panels using nylon nuts and
10.94
1.67
0.88
0.038
0.009
balance
bolts and the entire array suspended from floating pontoons so 
that constant immersion was maintained at a depth of 
approximately 2 metres.
Samples for the electrochemical investigations were coated 
on the edges and on one side with an insulating lacquer 
"lacomit", leaving an area of exactly 300 mm-2 for testing. At 
one end an insulated copper wire was soldered to each specimen, 
enabling convenient connection to the potentiostat. The exposed 
soldered wire was also covered in lacomit.
2.2. MARINE EXPOSURE SITES.
Several sites were available for the exposure of materials 
in the sea. Kunifer 10 was immersed in both Chichester and 
Langstone harbours (plate 2.1a). For Langstone harbour, the 
facilities of the Exposure Trials Station (ARE, Eastney, 
Hampshire) and the Marine Biology Laboratories (Portsmouth 
polytechnic, Hayling island, Hampshire) were employed. Material 
was immersed in Chichester harbour using the facilities 
supplied courtesy of the Harbour Master (Chichester 
Conservancy). Preliminary investigations were undertaken in 
Langstone harbour, however, because of the convenience of 
access to the facilities at Chichester, this site was selected 
for all major experiments.
2.2.1. Chichester harbour marine exposure site.
The exact location for all work carried out in Chichester 
harbour was Itchenor Reach, (West Sussex, SU 805013). This is a 
sheltered channel leading from the Chichester yacht basin to 
the harbour itself (plate 2.1b, 2.2a). The minimum water depth
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-  LANGSTONE 
CHICHESTER Hz'
Plate 2.1a. General location - Chichester and Langstone
harbours.
CHICHESTER HARBOUR ANCHORAGES 
I North of East Head (50 47-3N. 0 54-6W).
2. Thorncy Channel. NE of Pilscv I (50 4K ON. 0 54 2W).
3. South of a line from Fairway buoy (50 48 6N. 0 52'3W> 
to ( 'halkdock Bn (50 4K 5N. 0 53 2W>
VISITORS MOORINGS available at lichcnor and
Plate 2.1b. Exposure site location - Itchenor Reach.Crown 
copyright. Reproduced from Admiralty chart No.3418 
with permission of the controller of HMSO.).
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at the exposure site was 2.3 metres above chart datum, (ie. 
above the lowest astronomical tide), seawater salinity was 
determined on several occasions and found to be 32%. (±2);
temperature varied from 4°C in January to 14°C and occasionally 
higher during the summer. Tidal movement varied from nil to 
greater than 6 knots, depending upon the prevailing weather and 
hydrographic conditions.
2,3. SEAWATER.
Seawater for the extraction of dissolved organic matter 
and electrochemical investigations was collected from Itchenor 
Reach jetty, (plate 2.2b) West Itchenor, (SU 799016), 
approximately half a kilometre from the marine immersion site. 
For preliminary investigations seawater was also collected from 
Langstone harbour at the Exposure Trials station and the Marine 
Biology Laboratory via pumped seawater systems.
All water was collected in 20 1 food-grade polyethylene 
containers, which had previously been sterilised with sodium 
hypochlorite (5% v/v). To eliminate contamination from sea- 
surface films, the containers were opened approximately half a 
metre below the seawater surface, gravity filled and re­
stoppered before being transported back to the university. Upon 
arrival, the seawater was transferred to cold storage (4°C) and 
sequentially processed. On average approximately 400 1 of 
seawater was collected every month for the various experiments 
and extractions. Table 2.1 outlines the origin and dates of the 
collected seawater.
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Plate 2.2a. Itchenor Reach - looking east towards Chichester 
yacht basin from the exposure raft.
Plate 2.2b. Seawater 
collection site.
71
Table 2.2. Seawater collection, date and origin (1983-1986).
DATE COLLECTED SITE
09-11-83
25-01-84 
22-02-84 
30-03-84 
09-05-84 
28-09-84 
07-11-84 
24-01-85
26-02-85 
16-04-85
14-05-85 
12-06-85
15-07-85
16-09-85 
05-12-85 
19-01-86
HAYLING
HAYLING
HAYLING
ITCHENOR
ITCHENOR
HAYLING
ITCHENOR
ITCHENOR
ITCHENOR
ITCHENOR
ITCHENOR
ITCHENOR
ITCHENOR
ITCHENOR
ITCHENOR
HAYLING/EASTNEY
2.4. PRETREATMENT OF THE KUNIFER 10 ALLOY.
The Kunifer 10 alloy was pretreated using either free 
immersion or controlled electropotential techniques.
2.4.1. Free immersion.
For the marine exposure trials, specimens were immersed in 
various dilutions of organic materials concentrated by the 
various extraction procedures outlined in section 2.5. Some 
control samples were pretreated simultaneously in freshly 
collected seawater to "age" the samples before marine 
immersion. All samples were placed in acid washed, water rinsed 
glassware containing 20 ml of solution and gently shaken at 4°C 
for ninety hours. This encourages adsorption, especially of the 
large molecular weight molecules which, because of their size, 
have slower diffusion rates. Untreated controls were also 
included in all experiments. After pretreatment, the samples 
were transferred (wet) to the immersion site and mounted on the 
wooden exposure panels. Precautions were taken when placing and
72
retrieving specimens to prevent contact with the air-water 
interface. Samples in the pretreatment bottles were opened 
below the sea surface and affixed to the exposure panels, 
specimens were retrieved in the reverse manner. Such 
precautions were taken to eliminate contamination by 
bacterioneuston and hydrocarbon pollutants which accumulate at 
sea-surface films. Disalvo ( 1 9 7 3 ), noted that such 
contamination may result in an increase of up to three orders 
of magnitude in periphytic bacterial populations.
2.4.2. Controlled electropotential.
Individual samples of Kunifer 10 were cleaned as 
previously outlined in section 2 .1 . and immersed in an 
electrochemical cell (section 2 .9 .1 .) containing either 
seawater or 3.4% w/v sodium chloride. By potentiostatic control 
the specimen was held at the required electropotential with 
reference to a saturated calomel electrode (eg. -150 mV SCE). 
High temperature pretreatments were controlled thermostatically 
and the developing film(s) were monitored using a voltage 
integrator and potentiostat to record charge transfer and 
current density respectively (the electrochemical apparatus is 
detailed in section 2.9 of the methods). After the required 
length of pretreatment (typically 24 hours), samples were 
gently rinsed in milli-Q* water and vacuum desiccated before 
marine immersion. Exposure times varied from 5 minutes to two 
years.
•jfc
The fresh water used throughout the investigations, desalting 
procedures, media preparation, washing of materials etc. had 
been processed with a Millipore "Milli-Q" water system. This 
incorporated activated charcoal, two ion-exchange resin beds
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and a final "Norganic" cartridge. This system produced pure 
water free from organics, salts and dissolved ions (better than 
18uS cm”-*-), heavy metals, bacteria and pyrogens. The water fed 
into the system had previously been double distilled and the 
processed water is termed "Milli-Q" water to distinguish it 
from other less pure forms.
2.5. EXTRACTION PROCEDURES AND ANALYSES.
One of the major problems in the extraction of dissolved 
organic molecules from seawater is the minute quantities of 
material recovered. Thus, for any investigations requiring more 
than a few milligrams, it was necessary to process many 
hundreds of litres of seawater.
Previously Edwards, (1982) had critically appraised 
several methods for the extraction of organic materials and on 
his recommendations, (based on three years of experimental 
work) ultrafiltration and chlor of or m-emulsion extraction 
procedures were selected. After preliminary investigations, the 
ultrafiltration method was found to be a suitable choice for 
the concentration of the high molecular weight (>1 , 0 0 0  
molecular weight) materials, whilst the chloroform-emulsion 
technique was found suitable for the concentration of the 
"surface-active" fraction (containing both high and low 
molecular weight materials).
2.5.1. Prefiltration.
Before any extraction procedure commenced, the freshly 
collected seawater was prefiltered at 4°C as follows :
A 20 1 litre portion of seawater was transferred into a clean 
(freshly rinsed in a 5% solution of sodium hypochlorite
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solution), stainless steel pressure cylinder (Sartorius), which 
was connected to the filter stack as pictured in figure 2.1.
gas
cylinder
(OFN)
UL
coarsen 
sea- 11 
water u
stacked
filte r system$ filteredseawater
I— . ■   «■>  ^ "  s  /  /
^contains prefilter, 0.22ym  filter and coarse screen.
Figure 2.1. Prefiltration of seawater.
The seawater was driven through the filtration unit by the 
pressure exerted, (14 kg cm”2) from a connecting cylinder 
containing oxygen-free nitrogen. The filter system consisted of 
a glass-fibre prefilter to screen particulate materials and a 
submicron, (pore size 0.22 pm) Sartorious. membrane filter to 
remove bacteria, microalgae and minute particulates. The 
filtrate was then collected into a clean 20 1 container and 
maintained in cold storage (4°C) until required.
2.5.2. Chloroform-emulsion extraction.
This procedure was used for the selective concentration of 
dissolved organic material of high surface activity. The 
procedure adopted followed closely the method of Khaylov, 
(1968) as modified by Edwards, (1982) and is outlined in figure
2 . 2 .
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1.5 1 seawater + 200 ml chloroform.I
Shake for 5 minutes and settle.
Aqueous phase discarded. - Interfacial material added to 
more seawater and chloroform.
Interfacial material collected after 20 1 seawater processed.
I
Centrifuged for 15 minutes at x7000 g.
.♦
Separate phases. -----►Evaporate chloroform phase.
h I
Desalt. Collect lipid portion.
I
Dry over P?Oc under vacuum.
Redissolve in NH/OH (pH 12.6).
j
Concentrate by rotary evaporation.
\
Freeze-dry and store under vacuum until required.
Figure 2.2. chloroform-emulsion extraction procedure.
A 1.5 1 aliquot of freshly collected prefiltered (see 
section 2.5.1) seawater was manually shaken for 5 minutes with 
200 ml of chloroform in a 2 1, (acid washed, milli-Q water 
rinsed), glass separating funnel. After standing for 2 minutes, 
the material trapped at the interface was collected and re­
adjusted to 1.5 1 by addition of more filtered seawater. The 
seawater and interfacial material was then shaken with 
chloroform in the same manner. After approximately 20 1 of 
seawater had been processed, the collected interfacial 
material was stored and the process once more repeated. After 
all the seawater had been processed, the pooled interfacial 
materials were centrifuged at x7000 g for 10 minutes yielding a 
grey-brown pellet of chloroform-saturated organic material. 
This was desalted and the chloroform removed by successive
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washes/ centrifugation cycles. The pellet was then dried over 
phosphorus pentoxide/ silica gel in a vacuum desiccator. When 
dry, the material was re-dissolved in ammonium hydroxide (pH 
12.6) and centrifuged at x7000 g for 20 minutes. The liquid 
phase, containing the soluble organic portion, was concentrated 
by rotary evaporation (Buchi flask) at 30-35°C under reduced 
pressure and freeze-dried to produce a light-brown/yellow 
material comprising the surface active humic portion (appendix 
2 ).
2.5.3. Ultrafiltration (molecular filtration).
Ultrafiltration was carried out by means of a Millipore 
"Pellicon" cassette system in recirculating mode. This system 
employs a tangential flow multiple filter technique, enabling 
the rapid processing of large volumes of seawater. The system 
pictured in plate 2.3. consisted of a high volume cell (filter 
holder) and a low shear peristaltic pump. The high volume cell 
consisted of a plate and frame design which separated the 
incoming seawater into tangential flow paths across parallel 
layers of the membrane. Low molecular weight material (<1,000 
molecular weight) was able to pass through the membrane and was 
discarded, whilst the higher molecular weight organics (>1,000 
molecular weight) were washed back into the holding vessel, 
resulting in a gradual concentration of the seawater. The 
tangential flow mechanism was particularly useful because it 
eliminated problems associated with strirred-cell and hollow- 
fibre techniques, namely the cross flow mechanism prevents 
fouling and membrane polarisation, thus facilitating the 
processing of large volumes of seawater, which otherwise would 
be impossible by conventional filtration methods.
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Plate 2.3. The ultrafiltration system.
C = Concentrated seawater containing organic material >1000 mw. 
E = Seawater effluent containing organic material <1000 mw.
F = "Pellicon" cassette ultrafiltration unit.
P = Dual diaphragm pump.
Arrows indicate direction of seawater flow.
Unfortunately due to the continuous use of the peristaltic 
pump, this vital part of the system became unserviceable. A 
replacement dual-diaphragm pump, (Cole Parmer Instruments, 
Hants.) was found to be more suitable for continuous 
operation. This type of pump was also found to be considerably 
more efficient and economical (table 2.3). The initial cost 
(£200), was approximately half of the peristaltic pump. 
Seawater could be processed more rapidly because higher 
operating pressures could be obtained and it was found that the 
operating costs were considerably cheaper as the tube wear was
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minimal with the dual-diaphragm pump.
Table 2.3. Outlines the advantages and disadvantages of 
different pump types for continuous-cycle ultrafiltration.
PERISTALTIC PUMP DUAL-DIAPHRAGM PUMP
ADVANTAGES Efficient motor Faster processing,
control, reverse integral prefilter,
flow capability. able to process at
high pressures (50 psi). 
Auto shutdown capability, 
low maintenance, cheap 
to buy and operate.
DISADVANTAGES Excessive tube wear control of flow rates
when operated contin- possible only by an
uously. preventative external device (valve),
maintenance critical.
Susceptible to corro­
sion attack. Expensive 
to buy and operate.
The important parameters concerning the operation of 
ultrafiltration equipment suitable for the extraction of marine 
dissolved organic matter are outlined in table 2.4.
Table 2.4. Ultrafiltration data.
Filter type Cellulosic.
Code PCAC.
Filter area 0.5 sq. feet.
Porosity 1,000 molecular weight.
Cleaning Buffered saline, "Turgazyne"^-*-
enzyme treatment and backwash.
Storage 1% formaldehyde (fully wetted).
Filtration rate 10-20 ml/min $2
Recirculation rate 200-300 ml/min.
Inlet pressure <50 psi.
Outlet pressure 10 psi.
$1 26 g in 5 1 at 50°C Supplied by PCI Ltd. Cambridgeshire.
$2 maximum previous velocity ~1 ml min~l using stirred cell 
system (Baturina et al., 1977).
79
Due to the cellulosic nature of the membrane, great care 
was necessary to maintain the filter integrity. After each run, 
the system was washed in buffered saline and cleaned in 
turgazyne at 50°C for 12 hours, backwashed in buffered saline 
and finally stored, (fully wetted) in 1% formalin solution. It 
was essential to carry out such cleaning procedures in order to 
ensure the optimum filtration rates for each run.
The complete ultrafiltration system is best described by 
reference to the schematic outline (figure 2.3). Freshly 
collected seawater was transferred into a 20 1 stainless steel 
pressure cylinder (Sartorius). Under pressure from the gas line 
(oxygen-free nitrogen), the seawater was driven through a 
stacked prefilter arrangement. This included a depth prefilter, 
to remove large particulates, above a submicron (0.22 pm pore 
size) filter to remove bacteria, diatoms and any other micro­
particulates that escaped the prefilter. The filtered seawater 
then drained into the main reservoir consisting of a sealed 20 
litre glass aspirator with connections to the pump and a return 
feed from the'ultrafiltration cassette. Water was driven via 
the pump to the ultrafiltration cassette at pressures up to 50 
psi, seawater containing low molecular weight materials passed 
through the filter and was discarded, the higher molecular 
weight compounds were recirculated into the main reservoir 
resulting in gradual concentration. Further volumes of 
seawater were introduced into the pressure tank until 
approximately 400 1 had been processed. The final volume of 
seawater was reduced to a concentrate of approximately 1 1 , 
(see appendix 2 ) this material was then desalted and frozen 
(-25°C) until required. The time taken for this procedure was
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10-14 days depending upon the quantities of 
particulate matter in the water samples.
dissolved
OFN
t Prefiltration Unit
_______ IL
Coarse » 
Sea* i t  
water u  
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n
♦
Main Reservoir 
(contains DOM >1000m w )
F Iter effluent
Figure 2.3. The Ultrafiltration system (schematic diagram).
2.5.4. Desalting procedure (dialysis).
The use of specialist dialysis tubing was found to be the 
most effective method of removing the sea salts from the 
organic concentrates, spectra/por (CP Instruments Ltd., Hants. 
UK.), a special tubing made from regenerated natural cellulose 
was used. This enabled retention of the higher molecular weight 
compounds (>1,000 molecular weight) whilst inorganic salts and 
any other compounds smaller than 1,000 molecular weight were 
able to migrate, by simple diffusion, through the tubing and 
into the vessel containing "Milli-Q" water (figure 2.4).
2.5.5. Ultraviolet photo-oxidation.
Seawater free of all dissolved organic matter was 
required for comparative electrochemical experiments. This was 
obtained by irradiating portions of the ultrafiltrate effluent
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as this was considered to contain a lower quantity of organic 
carbon than natural unfiltered seawater.
Milli Q water in
Spectra/Por dialysis
tubing containing
organic molecules ^ 1000mw.
water & salts.
magnetic
stirrer
Figure 2.4. Desalting procedure.- process time approximately 24 
hours per 0.5 1 of concentrate.
Materials to be stripped of organics was transported to 
the Oceanography Department, Southampton University and 
irradiated using apparatus and methods outlined by statham and 
Williams (1983). This involved placing the seawater to be 
irradiated in quartz tubes surrounding a medium pressure (1 kW) 
mercury arc lamp, which provided the correct short wavelength 
ultraviolet light for subsequent photo-oxidation (organic 
carbon converted into carbon dioxide). The "organic-free" 
seawater was transported back to the laboratory in acid washed 
(50:50 concentrated nitric/hydrochloric) glass reagent grade 
bottles (glass stoppered) and stored in darkness at 4°C until 
required.
2.5.6. Dissolved organic carbon analysis.
To check the purity of the photo-oxidation process and to 
measure the organic carbon levels present in the seawater and 
concentrates, samples were transported to the Department of
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Oceanography, University of Southampton for complete dissolved 
organic carbon (DOC) analysis. The semi-automated analysis was 
similar to that outlined by Statham and Williams (1983) but 
modified by the addition of potassium persulphate (1%) to the 
sample stream which improved the photo-oxidation step (purdie, 
personal communication). Figure 2.5. outlines the basis of the 
procedure.
Sample 
Acid. ►  |
Removal of inorganic carbon.
Oxidant and buffer ►  1
if required. *
Photo-oxidation.
\
Carbon dioxide removal.
\
Carbon dioxide measurement.
(I.R . gas analyser)
Figure 2.5. Flow diagram of the analytical procedure
(Statham and Williams, 1983).
2.5.7. Measurement of protein.
Several protein assays were considered and tested 
including methods by Lowry, Rosebrough, Farr and Randall, 
(1951) and Bradford (1976) however, because of the low levels 
of protein (approx. 50 fig ml” )^ and the presence of sugars and 
salts (which may cause interference) it was found that the 
assay of Peters, Batt, Heath and Tilleray, (19.76) as modified 
by Dobrota (unpublished results) was most suited for the 
analysis of protein in seawater.
The technique is based upon a fluorimetric quenching
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assay. 0.25 ml aliquots of extract were placed into acid washed 
test tubes and 2 ml of ImM eosin (Cl 45386 BDH Chemicals), in 
50% ethanol/water diluted 1:50 with 0.1M sodium citrate-citric 
acid buffer (pH 3.1) was added. After thorough mixing the 
fluorescence was measured on a Perkin Elmer LS5 fluorimeter in 
quartz cuvettes using an excitation wavelength of 519 nm and an 
emission wavelength of 540 nm. Further dilution of the eosin, 
(x3) increased the sensitivity of the assay resulting in a 
usable range of 1-80 pg ml”-*-. The procedure was found to be ten 
times more sensitive than the Lowry technique and was not 
affected by the presence of sugars, salts or other compounds 
that can interfere with the Lowry procedure. Using a suitable 
range of diluted Bovine serum albumin solutions (BDH Chemicals, 
Poole, Dorset) the protein levels in the organic extracts were 
determined from the calibration curve.
2.5.8. Carbohydrate assay.
Carbohydrate levels in the organic fractions were 
determined by the phenol-sulphuric acid assay (Handa, 1966).
One millilitre aliquots of organic extracts were placed in 
acid washed glass test-tubes followed immediately by 1 ml of 5% 
(w/v) phenol and 5 ml of concentrated sulphuric acid, (specific 
gravity 1.84) containing 2.5% (w/v) stannous chloride. After 
careful mixing the absorbance was measured at 480 nm using 
quartz cuvettes in a Perkin Elmer Lambda 5 UV/VIS 
spectrophotometer. A suitable calibration curve was obtained 
from a dilution series of glucose, enabling the levels of 
glucose equivalents to be determined for each extract.
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2.5.9. Infrared spectroscopy.
Several authors have extensively used the techniques of 
transmission and reflectance infrared spectroscopy for 
investigations into the formation of organic layers and the 
development of biofilms on surfaces immersed in seawater (Loeb 
and Neihof, 1975; Baier, 1984 and Edwards, 1982). Nivens et 
al. (1986) used Fourier Transform Infrared Spectroscopy (FTIR) 
to study the corrosion of AISI 304 stainless steel induced by 
the marine bacteria vibrio natriegens. However, investigations 
reported in this thesis were restricted to the use of FTIR for 
characterisation of the organic extracts.
,Infrared spectra of the ultrafiltrate and chloroform- 
emulsion extracts were recorded using a Perkin Elmer 1750 
infrared fourier transform spectrometer under software control 
from a Perkin Elmer 7300 computer. In earlier investigations a 
Perkin Elmer 577 grating infrared spectrometer was used.
Freeze dried samples were prepared as potassium bromide 
discs, (1 mg of sample to 100 mg potassium bromide compressed 
for 5 minutes at 10 tonnes) and concentrated solutions were 
used to coat silver chloride plates (10x30 mm) with dissolved 
marine organic extract. Each acid cleaned plate was placed in 
20 ml of concentrate and shaken for 90 hours at 4°C to ensure 
maximal adsorption. Table 2.5. lists the major absorption peaks 
and the most likely assignment of chemical groups.
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Table 2.5. Absorption peaks and associated chemical groups. 
WAVELENGTH (cm"1) POSSIBLE GROUP
3400 Hydrogen-bonded OH.
2920 Aliphatic C-H stretch.
2600 Hydrogen-bonded COOH.
1720 C=00 of COOH, C=0 of ketonic carbonyl.
1630 Aromatic C=C, COO”, hydrogen bonded C=0.
1410 COO“.
1210 OH or C-0 stretch.
2.6. MICROBIOLOGICAL ANALYSES.
Light microscopy along with conventional scanning electron 
microscopy techniques were used for the direct identification 
and enumeration of organisms attached to panels immersed in 
seawater. Transmission electron microscopy (TEM) provided 
information regarding the relationship between fouling 
organisms and the corrosion products on the immersed panels.
2.6.1. Reflected UV light epifluorescence microscopy.
Specimens recovered and placed in Bouin's fixative were 
rinsed in Milli-Q water and then stained in 5 mg l" 1 acridine 
orange solution (Fletcher and Loeb, 1979). After air-drying, 
bacteria were counted under UV light by reflected light 
epifluorescence microscopy.
2.6.2. Scanning electron microscopy (SEM).
Recovered material from the marine exposure trials was 
immediately placed in 4% (v/v) glutaraldehyde in 0.1 M sodium 
cacodylate containing 3% sodium chloride, (pH 7.2) for 
approximately 3 hours, post-fixation (2 hours) was carried out 
(after rinsing in buffer) in 0.1 M sodium cacodylate 
containing 2% (w/v) osmium tetroxide (pH 7.2) followed by
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dehydration in a graded acetone series, (30-100%, moving in 10% 
steps) and critical point dried in a Polaron E3000 critical 
point drying apparatus using liquid carbon dioxide (critical 
point 31.5°C @1100 psi) , according to the manufacturers
instructions.
The dried specimens were mounted on stubs using double­
sided sellotape, earthed with colloidal silver paint and gold 
coated with a Nanotech Sputter Coater. Topographical 
examination of the exposed surfaces was performed using 
conventional SEM techniques on a Cambridge Instruments S250 
scanning electron microscope. If SEM examination could not be 
carried out immediately, the specimens were stored in a 
desiccator under vacuum to prevent moisture absorption and 
cracking of the gold coating.
2.6.3. Transmission electron microscopy (TEM).
Fouling films on the Kunifer 10 alloy were fixed for 3 
hours in 4% glutar aldehyde in 0.1 M sodium cacodylate 
containing 3% sodium chloride (pH 7.2), washed in buffer, 
dehydrated through a graded ethanol series (30-100% in 1 0 % 
steps), into two changes of propylene oxide (5 minutes each) and 
embedded in Spurrs resin (Spurr, 1969). After polymerisation 
the specimens were cooled to -70°C before immersion in warm 
(40°C) water. By virtue of the differences in expansion rates 
of the alloy and the resin, this technique resulted in the easy 
removal of the biofilm and corrosion products from the surface 
of the alloy. Re-embedding of the surface of the exposed 
portion was followed by trimming and mounting before ultra-thin 
sections were cut and transferred to carbon-filmed grids. For 
detailed morphological analysis, sections were mounted on
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copper grids and stained with lead citrate/uranyl acetate 
(Reynolds, 1963), whilst those for energy dispersive x-ray 
analysis (EDXA) were placed on carbon grids left unstained and 
carbon coated before subsequent analysis.
Conventional TEM t e c h n i q u e s  were e m p l o y e d  and 
investigations were carried out on a Phillips 400T connected to 
the Link system AN10000 analyser or a Jeol JEM 200CX connected 
to a Link system 860, series 2 analyser.
2.7. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS).
For the analysis of organic molecules and inorganic
corrosion-product films, electron beam methods such as energy 
dispersive x-ray analysis (EDXA) lack the surface sensitivity 
or result in considerable charging of the specimen, (eg. Auger 
electron spectroscopy). EDXA also lacks sufficient sensitivity 
to carbon, nitrogen and oxygen, the fundamental constituents of 
marine organics. However, XPS (also called ESCA - electron
spectroscopy for chemical analysis), has proved to be a
suitable technique for the analysis of such materials.
The technique is based on the excitation of photoelectrons 
by irradiation of the sample with low energy (soft) 
monochromatic x-rays. The x-ray photoelectrons penetrate the 
surface of the specimen and interact with the material 
resulting in the emission of photoelectrons due to the photo­
ionisation of atoms within the sample. The kinetic energy of 
the emitted photoelectrons are measured and their binding 
energies calculated according to :
Eb = hv - Ek - </> (2.1.)
where hv is the x-ray photoelectron energy, Ek the
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photoelectron kinetic energy and <t>, the spectrometer work 
function. Photoionisation normally leads to the emission of two 
electrons, a photoelectron and an Auger electron, the latter 
occurs due to the relaxation of the energetic ions left after 
photoemission (figure 2 .6 ).
The recorded data is normally presented graphically as 
intensity of counts versus electron energy (binding/kinetic); 
see section 2.7.1.3.
(I) PHOTOEMISSION
(II) RELAXATION
0 1 1 0 0
• +
photoelectronphoton
0  0  2p shell (L2j3 )
2s shell (L -|)
1s shell (K)
0
Auger electron
1s shell (K)
Figure 2.6. Schematic diagram of the photoelectron and Auger 
process.
The position of peaks and their relative intensities 
relate directly to the type and amount of material present. The 
depth of analysis is limited not by the penetration depth of 
the x-rays, but the ability of the photoelectrons to leave the 
surface of the spectrum and pass into the surrounding vacuum of
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the spectrometer, without loss of energy.
The probability of a photoelectron being emitted without 
energy loss is given by :
exp ( - d/ X ) (2.2.)
where d is the depth of emission and X is a characteristic 
length known as the inelastic mean free path. As a result of 
this probability function, 63% of the signal is determined 
from a depth of 1 X , 86.5% from 2 X and 95% from 3 X . X
depends upon the energy of the electron but is in the range of 
1-2 nm for the elements in this study.
One of the most useful characteristics of the technique is 
that it can provide information concerning the chemical 
composition and location (in depth) of atom types within the 
sample, enabling subtle changes in the chemical characteristics 
to be detected. Epler and Castle, (1979) noted that the 
accuracy of this technique was as good as ±1% for mixtures 
prepared from well defined standards.
In recent years, XPS has been used to analyse organotin 
antifouling paint systems, (Good and Monaghan, 1984) polymers 
on steels (Watts, 1984), the suitability of biomaterials and 
elucidation of protein interactions on their surfaces (Paynter, 
Castle and Gilding, 1985); the passivating layers on metals, 
(Olefjord, 1975) polysaccharides and their oxidation products, 
(Varma,1984) and the weathering of wood (Hon, 1984; Williams 
and Feist, 1984). The technique has proven particularly useful 
when used in tandem with electrochemical studies (see Parvizi, 
1985) and has been the subject of a recent review by Castle 
(1986). For more information, the texts of Dilks, (1981) and
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Briggs and Seah, (1983) are recommended.
2.7.1. Analytical procedure.
X-ray photoelectron spectroscopy was carried out with a 
Vacuum Generators VG ESCA 3 mk.2 spectrometer (plate 2.4a.) 
using either aluminium or magnesium ka x-ray sources (kinetic 
energy 1486.60 ev and 1253.50 ev respectively), operating at 
12.5 kV and 20 mA to excite characteristic photoelectrons from 
the surface of the sample. The photoelectron take-off angle was 
maintained at 45° throughout all investigations, and a vacuum 
better than 2x10”  ^ mbar. Spectra were obtained with a pass 
energy of 50 ev and 4 mm slit settings (giving 1 ev resolution 
at the silver 3d line).
2.7.1.1. Sample preparation.
Specimens from the marine exposure trials were rinsed in 
Milli-Q water to remove loosely bound salts, carefully blotted 
at an edge to remove surplus water and immediately vacuum 
desiccated. Without any further treatment, each sample was 
attached to the specimen holder with double-sided adhesive tape 
or a single drop of methacrylate ester glue ("super-glue"). To 
avoid the problems associated with specimen charging (resulting 
in peak shifts of recorded spectra due to the accumulation of 
positive ions on the specimen surface), each specimen was 
electrically earthed to the specimen holder with silver 
conducting paint. The whole array (plate 2.4b.) was then 
transferred to the analyser chamber for subsequent analysis.
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2.7.1.2. Data acquisition.
Acquisition of data and subsequent analysis was controlled 
using a Vacuum Generators VG 3040 datasystem based on a Digital 
DEC PDP8e computer. The datasystem is linked to the 
University of Surrey Prime computer network, enabling data 
transfer between the systems so that processing of transferred 
data, (eg. curve fitting) was possible at the same time as data 
acquisition.
For each specimen a survey spectrum was obtained (0-1,000 
ev) together with high resolution spectra of the principal 
elements. The surface compositions were determined from the 
peak areas following subtraction of a linear background and 
normalisation using sensitivity factors based on those of 
Jorgenson and Berthou, (1972) as shown in table 2.6.
Table 2.6. Sensitivity factors and photoelectron peaks used for 
quantitative interpretation.
ELEMENT BINDING ENERGY* SENSITIVITY FACTOR
c 284 0.27
0 530 0.60
N 400 0.40
Na 1072 2.12
Mg 1305 2.24
Si 100 0.36
P 135 0.30
S 164 0.35
Cl 200 0.42
Ca 347 0.80
Fe 710 1.80
Fe 57 0.25
Ni 850 1.70
Cu (I) 936 3.00
CU (II) 940 1.50
* approximate values for Al k a (1486.60 eV).
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Plate 2.4a. Vacuum Generators ESCA 3 mk.2 spectrometer.
0 10 20 30 40 50mm
Plate 2.4b. Specimens on holder for XPS analysis- note etched 
regions, particularly on sample 2 (arrowed).
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2-7.1.3. Presentation of data.
The data is presented as binding energy (abscissa) versus 
intensity of photoelectrons (ordinate) as determined by the 
analyser. Figures 2.7a. and 2.7b. show typical XPS spectra, 
survey spectrum (2.7a.) for general identification of elements 
present and high resolution narrow scan (2.7b.) for 
quantitative analysis and chemical interpretation.
Oku .Al ka
Cu
Binding Energy (eVJ
Figure 2.7a. Typical XPS survey spectrum.
■.p
♦ ♦
Binding Energy (elf)
Figure 2.7b. High resolution Chlorine Is narrow scan.
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Table 2.7. Approximate positions of main photoelectron and 
Auger electron peaks of principal elements 
detected using Al k a radiation.
Element Is^/2 2s-1-/2 2p-*-/2 2p2/ 2 3s- /^2 3p^/2
c 284 7
0 532 24 7
N 399 9
Na 1072 63 31
Mg 1305 89 52
Si 149 100 99
P 189 136 135
S 229 165 164
Cl 270 202 200
Ca 438 350 347
Fe 846 723 710 56
Ni 872 855 112
Cu 951 931 120
Auger Peaks (LMM)
Fe 701(66) 594(66) 527(3) 514(2)
Ni 849(66) 713(37)
CU 920(66) 790(12) 770(24) 694(1)
Photoelectron peaks are approximate values on a binding energy 
scale. Auger electron peaks are approximate values on a kinetic 
energy scale (figures in brackets are approximate intensities).
The elements and their respective characteristic photoelectron
and Auger electron peaks are listed in table 2.7.
As the investigations concerned the involvement of 
dissolved marine organic matter in the formation of corrosion 
products on the Kunifer 10 alloy, it was necessary to identify 
and separate such organic material from the ever present 
(adventitious) carbon that contaminates all materials. This was 
accomplished by curve fitting the carbon Is photoelectron peak 
using an iterative, non-linear, least squares, curve fitting 
procedure of the type described by Sherwood, (1983) using 
educated guesses based on peaks for known chemical groups as 
outlined in texts such as Briggs and Seah, (1983). This 
resulted in the separation of component peaks and determination
of their relative proportions within the analysed area. Figure
2.8. shows three carbon narrow scan spectra of organic 
materials; (a) cellulose filter paper after curve fitting using 
a non-linear regression alogrithm that varied all parameters to 
achieve the most rapid convergence of fit/ (Williams and Feist, 
1984); (b) wood after curve fitting using a DuPont 310 curve, 
(Hons, 1984); (c) adsorbed marine organic matter on Kunifer 10, 
(Garner, unpublished results) after curve fitting using a 
procedure of the type described by Sherwood, (1983).
290 285
Cb)
296 280290 286
Cel
>»
286
Binding Energy eV
276294
Figure 2.8. Deconvoluted carbon Is photoelectron peaks.
The peak Cl represents carbon bonded only to carbon and 
hydrogen, C2 is assigned to -C-0- bonds and C3 to -C=0 or 
-O-C-O- bonds. Adventitious carbon is considered to be mainly 
composed of the Cl type groups.
It was also necessary to determine the chemical states of 
copper and other materials present in the corrosion product 
film. For copper, care was necessary to distinguish between
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copper metal and cuprous oxide, this was aided by the Auger 
L3M45M45 electron peak which is significantly different in the 
oxidised state (see results). The presence of cupric material 
was detected by the appearance of a satellite peak adjacent to 
the 2p^/2 photoelectron peak. A correction factor was 
incorporated into the calculations of atomic percentages for 
copper, so that the relative proportions of cuprous and cupric 
material could be determined. For other elements, the 
photoelectron peak positions and widths along with the presence 
or absence of Auger peaks was sufficient to determine the 
likely chemical state of individual components within the 
corrosion films. However, such interpretations were approached 
with caution and note was made of possible specimen charging 
which could result in erroneous interpretation if the spectral 
peaks were not normalised to reference carbon (284.6 ev).
2.7.1.4. Argon-ion etch depth profiling.
For investigations through the corrosion product film, the 
surface of the specimen was bombarded with a beam of positive 
argon ions from an AG2 ion gun with collimator. The focused 
beam of ions are directed onto the specimen and the outer 
corrosion product layers removed at a rate determined by the 
operating conditions of the ion gun. For all etch-profile 
investigations, the ion beam was maintained at 6 kv with a 3 kv 
focus, the analyser chamber vacuum was reduced to 1 0 ~^ mbar 
resulting in an etch rate of approximately 1.25 nm min-1 (1240 
A min”1) based on calibration experiments by Watts, (1985), 
carried out on National Physical Laboratory standard material 
(30 nm Ta2C>5 on Ta).
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2.8. X-RAY ANALYSES.
To gain greater information about the corrosion product 
films that form on Kunifer 10 in seawater, the techniques of x- 
ray diffraction and energy dispersive x-ray microanalysis were 
employed.
2.8.1. X-ray diffraction.
Corrosion products formed on the Kunifer 10 samples during 
sea trials were removed by gentle scraping and packed into x- 
ray capillary tubes. X-ray diffraction patterns were recorded 
on photographic film using a Debye-Scherrer powder camera, from 
these lines the "d" spacings were calculated and intensities 
noted. With this data, the nature of the bulk crystalline 
corrosion products could be determined.
2.8.2. Energy dispersive X-ray analysis (EDXA).
Flaky corrosion products removed from the exposed Kunifer 
10 coupons were analysed using a Jeol 35-CF scanning electron 
probe microanalyser connected to a Link energy dispersive x-ray 
analysis (EDXA) system. This facilitated more localised 
analyses of the bulk film. Data is presented as line spectra 
for spot analysis and digitised compositional images for area 
analysis ("digimap") giving both elemental distribution and 
relative intensities. Operating conditions were normally 25 kv, 
2,000 counts per second, with vacuum better than 1 0 ”  ^ mbar. 
Mapped regions were generally lcm^ segments, secondary electron 
images were recorded to give visual indication of the surface 
topography at and around the area of analysis.
Probe analyses were also carried out on unstained "thick" 
TEM sections, prepared as outlined in section 2.6.3. using a
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Phillips 400T electron microscope connected to a Link AN10000 
analyser system. This produced information about the corrosion 
product film and the microorganisms within it, complementing 
the SEM and XPS investigations.
2.9. ELECTROCHEMISTRY.
Direct current electrochemical investigations were 
performed according to the method of Greene and Gandi, (1982) 
as modified by Parvizi, (1985). Tafel constants were derived 
from the experimentally recorded polarisation data using a 
computer program called "Betacrunch". This program, based on a 
least squares method, enables the Tafel constants to be drawn 
from data of the mixed potential region, thus making linear 
polarisation experiments virtually obsolete.
2.9.1. The electrochemical cell.
The electrochemical cell used in all direct current 
investigations is pictured in plate 2.5. This consisted of a 
"pyrex" glass cylinder with "quickfit" joints for the 
connection of reference and counter electrodes. The counter 
electrode (c) consisted of a platinum plate immersed in a glass 
J-arm containing saturated potassium chloride. In seawater 
experiments the counter electrode was isolated from the main 
cell by a plug of polyacrylamide gel (p). This allows ionic 
transport but prevents the precipitation of magnesium hydroxide 
or calcium carbonate at the cathode (McGill and McEnaney,
1978). The reference electrode (r) consisted of a standard
calomel electrode (SCE) and was isolated from the main cell by 
means of a high resistance frit. To minimise any extraneous
potentials, the tip of the reference electrode was located in
close proximity to the working electrode (w). A gravity feed 
delivered the test media (eg. 3.4% aerated sodium chloride) to 
a polytetrafluoroethylene (PTFE) entry valve which facilitated 
the accurate control of flow rates. Similarly the drain valve 
enabled flushing of the cell without disturbance of the working 
(test) electrode which was supported by a centre-tapped PTFE 
cored glass stopper. In plate 2.6. the cell is displayed 
connected to the potentiostat.
Plate 2.5. The electrochemical cell.
c = platinum counter electrode.
d = drain.
i = inlet.
o = overflow.
p = polyacrylamide gel.
r = reference electrode.
w = working electrode (test sample).
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WENKING
Plate 2.6. Electrochemical apparatus.
2.9.2. The potentiostat.
The potentiostat used for the direct current (PC) 
electrochemical investigations was a Bank Electronik Wenking 
type LT78, this provided an analogue display of the control 
voltage, the rest potential of the cell and the cell current. 
For potential sweep experiments (to gather data for 
"Betacrunch" processing) a Wenking scanning potentiometer type 
SM6 9 was used to control the applied potential (usually between 
-150 mV and -400 mV SCE). The potential scan rate could be 
accurately controlled and was normally set at 5 mV min- .^ For 
accurate reading of the potential, a digital multimeter 
(Farnell 7045) was connected to the output terminals of the
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potentiostat, thus enabling simultaneous recording of current 
(pA) and potential (mV SCE). The system was subsequently 
improved by the addition of a microcomputer and interface which 
enabled automatic recording of the polarisation data.
2.9.3. Development of the electrochemical system.
To overcome the tedious process of manually recording 
polarisation data, the potentiostat was interfaced to an Apple 
lie microcomputer. The interface consisted of biased dual 74LS 
series logic gates (AND gates) linked via a dual pole relay 
system which, under software control, facilitated continual 
reading of potential or current, or virtual simultaneous 
reading of both parameters (<1 second).
From the interface, an analogue to digital converter (A-D) 
was required to transpose the voltages received from the 
interfaced potentiostat into code intelligible to the 
microcomputer. The A-D converter used was a Kezone (Kezone 
Ltd. London), 12 bit 4 channel card which is designed to enable 
any Apple II or lie microcomputer to convert linear input 
currents into 12 bit binary words. Two channels were used to 
record current and potential data, switching between channels 
was software controlled by means of miniature printed circuit 
board (pcb) relays. Conversion was performed by an incremental 
charge balancing technique which has inherently high accuracy, 
linearity and noise immunity. An amplifier integrates the sum 
of the incident analogue current and pulses needed to maintain 
the amplifier summing junction near zero are counted. At the 
end of the conversion, the total count is latched into the 
digital inputs of the computer as a 12 bit binary word.
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The software for the system was written in Microsoft BASIC 
and is listed in the appendix.
The datasystem developed enabled a flexible approach to
electrochemical data acquisition. The two main programs were 
written specifically for potential sweep/polarisation 
investigations and passivation experiments. Such parameters as 
sweep rate, number of data points required and duration of
experiment were taken into consideration along with A-D dwell 
time and switching rate (number of conversions and speed of
switching for each data point). All programs are modular and 
have error recovery subroutines (where necessary) so that 
freshly acquired data was not lost before it had been recorded. 
In all the system facilitated considerable advantages over 
manual data recording, (table 2.8 .) in particular enabling the 
direct transfer of information from the microcomputer to the 
University mainframe, which allowed rapid data processing 
("Betacrunch") and printing in the form of listings and high 
quality graphical outputs.
Table 2.8. Advantages of computer datasystem over manual and 
chart recording of electrochemical data.
1) Recorded polarisation data can be fed directly into
"Betacrunch" routine for processing.
2) Data is accepted by University mainframe graph plotting
routines without adjustment.
3) No errors which are associated with the manual recording of 
data.
4) The datasystem is menu driven and uses "user-friendly"
prompts.
5) The datasystem allows the recording of data over long
time (hours-days) periods, not possible by manual methods.
103
2.9.4. Experimental procedure.
After the electrochemical apparatus was switched on, all 
instruments were allowed a "warming up" period of 30 minutes, 
this ruled out any problems caused by non-linear temperature 
changes in electrical components. The first datasystem routine 
then checks the potentiostat, interface and converter and 
corrects for any minor voltage discrepancies. For polarisation 
sweep experiments, ie. to investigate the loss of cathodic 
inhibition, samples were pretreated (as outlined in section 
2 .4 .2 ) if required and then the necessary electrochemical 
parameters were keyed into the computer. The test media (eg. 
N a d  solutions and organic extracts) were allowed to enter the 
cell containing the test sample and after an equilibration 
period of 5 minutes, the test potential was scanned from anodic 
to cathodic potentials. The electrolyte was then replaced (by 
careful draining) with a deaerated solution of the test media 
and the scan reversed to the original potential, values for 
current and potential were recorded by computer and 
subsequently processed (figure 2 .9 ).
LCG1Q
a = Oxygenated electrolyte 
o = Oeoxygenated electrolyte B.A.
data pointscr
•2 0.
V /\
lines from
Betacrunch'
program.
-i- 2.
-3.
-3 5 -3 0 -2 5 -1 5-10-1 5-3 5 -3 8 -2 5  -2 0
POTENTIAL SCE <mV) POTENTIAL SCE CmV)
figure 2.9. Electrochemical data before (a) and after (b) 
processing by "Betacrunch".
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To follow the passivation behaviour of Kunifer 10 in 
various media, current versus time experiments were conducted 
as follows: A sample was placed in the test cell containing the 
solution under investigation and a constant potential 
applied ie. -150 mV SCE. Current readings were recorded with 
respect to polarisation time and to ensure comparability 
between samples, the charge transferred was recorded on a Bank 
Electronik Wenking EV180 long term voltage integrator.
2.9.5. Alternating current (AC) impedance technique.
The basis of the AC technique consists of determining the 
impedance, (z) of the electrochemical cell perturbed with an 
alternating signal of small amplitude (typically ±10 mV). The 
recorded impedance is presented in terms of complex plane 
diagrams (Argand plots) shown in figure 2.10.
zn
Figure 2.10. AC impedance plot (real versus imaginary
impedance).
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Z = AE (cos 0 + j sine )/ AI = z' + Z"j (2.3)
where AE = amplitude of applied alternating potential.
AI = amplitude of the current.
0 = phase angle, 
j = -v/“l / the imaginary unit.
z'= (AE/AI)cos0 ,ie. the real (resistive or in phase) 
component of impedance.
Z"= ( A E /  AI)sin ©, ie. the imaginary (reactive
or quadrature) component of impedance.
Using simple electronic nomenclature an electrochemical cell 
might look like :
C6
RO
Rfi = Uncompensated solution resistance (also called Re).
C 5 = Double layer capacitance (represents the charging of 
the electrical double-layer).
0 & zw = Faradaic impedance (electrolysis), also called Rf.
0 = Charge transfer resistance.
Zw = Warburg or diffusion mass transfer resistance.
Figure 2.11. Electronic circuit representing an electrochemical 
cell.
The experimental data is generally plotted as the 
imaginary component of impedance (Z") versus the real component 
of impedance (z') for a range of excitation frequencies (figure 
2.12.) .
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Figure 2.12. Example of a Nyquist (Cole-Cole) plot - complex 
plane impedance diagram.
The Nyquist plot indicates how the amplitude and phase of the
cell under investigation changes with frequency. These changes
in the impedance characteristics can be related to the
electrochemical processes occurring at the metal/film and
film/liquid interfaces.
The technique has several advantages over conventional DC 
electrochemistry. There is little or no perturbation of 
electrodes as the excitation frequencies are very small, the 
method is useful in low conductivity media and can reveal both 
the resistance and double layer capacitance. In addition, no 
reaction products build up because there is no net current 
flow.
2.9.5.1. Procedure.
The system used was an E.G. and G. Princeton Applied 
Research 368 AC impedance system which consisted of the 
following (figure 2.13.):
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1) Model 173 potentiostat/galvanostat combined with the 276
interface.
2) Model 5206 computer controlled lock-in system.
3) Apple lie microcomputer with peripherals and the 368 AC
impedance software system version 2.0.
UNIVERSITY
MAINFRAME
RS232
OSC
IEEE—488
test
cell
M178
M276
M173
M5206
Apple ile & VDU, 
Disk drive & 
printer.
Figure 2.13. Model 368 AC. impedance measurement system.
Additionally data could be transferred and retrieved from the 
University mainframe for further analysis and high quality 
graph plotting.
A fast fourier transform method (FFT) enabled a mixture of 
excitation waveforms of varying frequency to be applied to the 
test system simultaneously, thus minimising polarisation time 
at low frequencies (0.0001 Hz to 10 Hz). For higher frequencies 
(1-20 Hz) a phase sensitive lock-in analyser was employed 
enabling rapid and accurate measurements. The combination of 
these instruments allowed optimum measurements of low and high 
frequency experiments, typically between 100 KHz and 0.001 Hz. 
The experimental procedure was similar to that outlined for the 
DC electrochemical investigations. Test samples (freely 
corroding or under controlled electropotential) were
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investigated using a range of excitation frequencies and the 
impedance characteristics of the system recorded. Results were 
plotted as real versus imaginary impedance for the frequencies 
investigated (Nyquist plots). Values for film capacitance and 
charge transfer resistance were derived from such plots in 
accordance with equation 2.4.
Film capacitance (F) = 1/(211. f . Ret) (2.4.)
where f = frequency when the out of phase component = 45°. 
and Rct = charge transfer resistance (ft').
The following chapter covers the results of the 
investigations outlined in section 1.9. using the techniques 
that have just been described in this chapter. The results are 
presented in chapter three as eight sections; section one 
consists of the quantitative and qualitative data obtained for 
the marine organic extracts, section two is concerned with the 
"appearance" of such molecules on the cupronickel alloy and 
section three covers the electrochemical behaviour of the alloy 
in the presence of such dissolved marine organic materials. In 
section four, the development of biofouling and corrosion films 
on the untreated cupronickel alloy is reported and this is 
followed by a parallel study on the development of such films 
after organic pretreatment.
As mentioned at the end of chapter one, part way through 
the research, it was realised that the electrochemically 
pretreated alloy displayed potentially better corrosion 
resistance than the untreated material, this property was 
attributed to the presence of specific passivating films. 
However, as this branch of the research had never been pursued
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further than laboratory investigations, a series of marine 
trials were conducted; the results of which are reported in 
section six, followed by the results of a marine trial which 
covered the biofouling and corrosion resistance of cupronickel 
of various iron contents (0% to 5% Fe - section seven). section 
eight completes the chapter and reports on some anomalous 
corrosion of cupronickel alloy fish-cage mesh after marine 
immersion.
In chapter four, the results are discussed and the study 
is concluded in chapter five with recommendations for further 
investigations.
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CHAPTER THREE - RESULTS.
3.1. ANALYSIS OF EXTRACTS.
Dissolved marine organic matter was concentrated by 
ultrafiltration and the chloroform-emulsion technique using the 
procedures outlined in chapter 2. The initial seawater volumes 
and date of collection along with the final organic material 
concentrations obtained by ultrafiltration are outlined in 
table 3.1.1. Dissolved organic carbon levels for the 
ultrafiltration extracts were obtained using the methods 
outlined in chapter 2 and the results are also included in 
table 3.1.1.
To check the efficiency of the ultrafiltration system, 
which was used as the main extraction procedure, bovine serum 
albumin, molecular weight approximately 60,000 (Sigma chemical 
Company, Poole, Dorset) was concentrated using the 
ultrafiltration system in recirculation mode. 20 litres of 3.4% 
sodium chloride containing 1 mg per litre of the protein were 
concentrated to 500 ml and the protein level determined using 
the method of Peters e_t a_l. (1976) as modified by Dobrota 
(unpublished results, 1 9 7 9 ). Results indicated that 
approximately 5% of the protein had been lost, possibly due to 
adsorption onto the container, tubing and membrane. Less than 
0.5% of the protein passed through the system as detected in 
the effluent.
3.1.1. Fourier Transform Infrared Spectroscopic analysis of 
Extracts.
Ultrafiltrate extracts were allowed to adsorb to silver 
chloride plates for 90 hours. This ensured maximal adsorption 
of the dissolved materials to the silver chloride plate . Both
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silver chloride and potassium bromide are transparent at 
infrared wavelengths, thus the recorded signals may be related 
directly to the organic extracts, carbon dioxide and water. 
Samples were analysed as outlined in chapter 2.
The presence of particular components of the extracts is 
best appreciated by reference to the appropriate survey spectra 
(figure 3.1.1). contaminating spikes at approximately 800, 1450 
and 2380 cm”-1- may be attributed to the presence of carbon 
dioxide. The differences in transmittance peaks for the spectra 
indicated variations in the components of the organic extracts. 
The broad adsorption bands suggested that the adsorbed material 
consisted of polyfunctional macromolecules, some possible 
assignments are listed in table 3.1.2.
Table 3.1.2. Infrared Adsorption Bands - Possible assignments.
Wavenumber (cm-1) Assignment
1000-1120 C-0 stretch of carbohydrates.
1200-1300 -OH bend.
1640-1650 Amide 1, C=0 of acid, ketone or quinone.
1710-1720 -C=0 stretch of COOH, ketone or carbonyl.
2929-2960 stretching vibrations of aliphatic -CH, CH 
and CH3 groups of aliphatic nuclei.
The infrared spectra of the chloroform-emulsion extracts
obtained using KBr discs are shown in figure 3.1.2. Additional 
bands at 1350-1450 cm” 1 (-CH bend ), 1530-1550 cm” 1 (Amide 2 ) 
and 3400 cm”1 (-NH, OH groups with various degrees of hydrogen 
bonding) are indicative of organic materials such as proteins 
and carbohydrates.
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Extract code
A = 02/84 H = 04/85
B = 03/84 I = 05/85
C = 04/84 J = 06/85
D = 06/84 K = 07/85
E = 11/84 L = 09/85
F = 01/85 M = 12/85
G = 02/85
refer to table 3.1.1
Wavenumber (cm )
Figure 3.1.1. FTIR spectra of adsorbed dissolved marine organic
matter.
114
Tr
an
sm
itt
an
ce
 
(%
)
Extract code
1 = 05/84, 2 = 02/84, 3 = 01/84,
4 =11/83 (ultrafiltrate extract)
5 = 11/83 (chloroform extract), 
refer to table 3 .1 .1 .
KBr disk.
40 30 20 10 0
Wavenumber (cm"1) xio2
figure 3.1.2. Infrared spectra of extracted dissolved marine
organic matter.
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Traces 4 and 5 are the spectra of chloroform-emulsion and 
ultrafiltration extracts respectively of seawater collected in 
November 1983. The major differences were in the region 1300- 
1800 c m ”-*-. The ultrafiltration extract showed stronger 
adsorption at approximately 1450 cm"-*-, whilst the chloroform- 
emulsion extract adsorbed more strongly between 1600-1700 cm"-*-.
3.1.2. Quantitative Analysis.
The protein and carbohydrate levels in each of the 
ultrafiltration extracts (November, 1983-December 1985) were 
determined by the techniques outlined in chapter 2 (section
2.5.) and the calibration curves are given in figure 3.1.3a. 
and 3.1.3b. respectively. The data for the assays is presented 
in figure 3.1.4. In general the carbohydrate levels were higher 
in the spring and early summer whilst the protein levels peaked 
between February and April. Due to the limited amount of data 
available it is difficult to realistically comment upon any 
seasonal trends, although it is clear that the majority of the 
extracted dissolved organic matter was composed of carbohydrate 
material, with lower levels of protein.
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figure 3.1.3a. Calibration graph for the protein assay.
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Figure 3.1.3b. calibration graph for the carbohydrate assay.
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3.2 ANALYSIS OF ADSORBED EXTRACTS ON THE KUNIFER 10 ALLOY.
Organic material extracted from seawater was allowed to 
adsorb to the surface of clean Kunifer 10 coupons according to 
the procedures outlined in chapter 2.
Plate 3.2.1 (a-d) shows typical surfaces of the Kunifer 10 
(visualised by scanning electron microscopy) after immersion in 
solutions of organic extract (February 1985 extract). After 6 
hours treatment (a) the surface was covered in patchy deposits 
of organic material, this developed into an entire film after 
48 hours (b) and by 60 hours the layer had thickened (c). After 
immersion for 90 hours a thick organic film interspersed with 
crystalline corrosion products was visible (d).
In the pretreatment vessel, the presence of a green 
colloidal substance, (possibly chelated copper complexes) and 
corrosion products was noted after the 90 hour immersion. 
•However, repeated immersion in other extracts resulted in only 
corrosion product precipitates of the basic chlorides. X-ray 
diffraction analyses indicated that the corrosion products were 
heterogeneous precipitates with mainly non-stoichiometr ic 
ratios; pa r a t acam i t e , CU 2 (OH)3 Cl, appeared to be the 
predominant form.
XPS investigations of the treated coupons indicated the 
presence of organic material on the Kunifer 10 surfaces and 
whilst the spectra,of untreated control coupons (figure 3.2.1a) 
showed the presence of carbon and oxygen, nitrogen, indicative 
of the presence of adsorbed proteinaceous molecules, was 
absent. The carbon and oxygen on the control coupons was 
ascribed to the oxides of the alloy and general contamination 
of the surfaces during transfer of the specimens into the
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Plate 3.2.1. Surfaces of Kunifer 10 alloy after immersion 
in solutions of organic extracts.
A) Micrograph after 6 hours treatment showing patchy 
deposits of organic material
B) Micrograph after 48 hours treatment showing an entire
overlayer containing organic materials.
C) Micrograph after 60 hours treatment showing a thicker 
cracked (due to drying) organic film.
D)Micrograph after 90 hours treatment showing a thick 
organic film interspersed with corrosion products.
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fM
*
Cu
KLL
i—i
Cu
Binding Energy CeVJ
Figure 3.2.1a. XPS widescan of the surface of untreated
(control) Kunifer 10.
Cu(o)
-Cu (i)
CuKLLat aPProx- 570eV.
M
3p 3s
/ I
Na
10
Binding Energy (eW
Figure 3.2.1b. XPS widescan of the surface of Kunifer 10 after
immersion in the November 1983 extract (inset 
shows Cu Auger).
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spectrometer.
Figure 3.2.1a shows a representative spectrum of an 
untreated coupon, note the absence of a photoelectron peak at 
approximately 400 ev (nitrogen Is), the clearly defined copper 
XPS lines at 74 eV (3p^/2), 124 eV (3s), 934 eV (2p2^2) and 954 
ev (2p-*-/2), as well as Auger lines at approximately 570, 646 
and 710 ev, indicating that the surface of the coupon was 
essentially free from contaminating materials. After immersion 
in the least concentrated extract (sample of November 1983 
extract containing 0.85 mg l" 1 of carbohydrate and 0.10 ug I" 1 
of protein) for 3 hours, a small photoelectron peak at 
approximately 400 ev could be seen (figure 3.2.1b). This 
represented approximately 2.6 atomic percent of the surface 
composition and indicated that nitrogen-containing materials 
had adsorbed to the surface of the alloy. The intensity of the 
carbon and oxygen photoelec'tron peaks had also increased, 
suggesting that the adsorbed molecules were rich in these 
elements. Analysis of the copper Auger peak at approximately 
570 ev (figure 3.2.1b. - see inset) indicated the presence of 
a shoulder to the main peak. This fine structure represented 
the presence of a Cu (i) oxide film over the Cu (o) substrate 
and suggests that corrosion and deposition of organic materials 
was occurring. Using equation 3.1., the depth of this Cu20 film 
was estimated at approximately 2.9 nm given that the inelastic 
mean free path for CuKLL is 1.3 nm and assuming that ICu q = 
ICu (intensity) and XCu Q = XCu ; x = 45°.
d = x s i n Q In [ (ICu 0/Icu^ + (3 -1 - )
where 6 = the inelastic mean free path of electrons and x = 
the angle between the specimen and the collection optics.
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1 carbohydrate 
1 protein. Cu
Binding Energy (eV )
November 1983 chloroform emulsion extract.
Binding Energy (eV )
. 394 mg 1 1 carbohydrate 
15 pg I” 1 protein.
Binding Energy (eV )
.2.2. XPS widescans of Kunifer 10 pretreated with 
various marine organic extracts.
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Using a more concentrated extract solution (4.2 mg 1“  ^ of 
carbohydrate and 0.5 jig 1”  ^of protein) the nitrogen signal 
increased to approximately 3.1 percent, (figure 3.2.2a) and 
immersion in a chloroform-emulsion extract (November 1983) 
resulted in a surface film containing approximately 7.9 
percent nitrogen (figure 3.2.2b). With such thick overlayers 
present, the copper Auger peak (approx. 570 ev.) was barely 
detectable and hence it was not possible to determine the 
thickness of any oxide layers (if present).
Kunifer 10 coupons were also immersed in organic extracts 
containing the highest levels of proteinaceous materials 
(>1000 MW) containing approximately 15 pg l"1 protein and 394 
mg 1~^ carbohydrate material; the XPS survey spectrum is shown 
in figure 3.2.2c, in this case the nitrogen containing material 
represented approximately 14 percent of the surface film. Note 
the absence of any copper photoelectron peaks, this indicated 
that the surface film consisted entirely of the adsorbed 
organic materials (plus a minor fraction from contamination 
during passage into the spectrometer). Adsorption experiments 
using the least concentrated extracts indicated that perhaps 
insufficient "surface active" molecules were present, as the 
development of thick organic surface layers (figure 3.2.2c.) 
did not occur within the 90 hour adsorption period.
Figure 3.2.3a shows the copper 2p line of a sample of 
Kunifer 10 immersed in the least concentrated extract (November 
1983), note the absence of a photoelectron satellite peak at 
945 eV. This indicated that the predominant oxidation state of 
the copper was cuprous (Cu(I)) or metallic copper (Cu(O)). The 
Auger spectrum (figure 3.2.3b.) enabled differentiation between
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,2.3a. Copper 2p X-ray line of a sample of Kunifer 10 
Kunifer 10 after immersion organic extract (11/83)
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2.3b. Copper Auger spectrum for a sample of Kunifer 10 
Kunifer 10 after immersion organic extract (11/83)
BINDING ENERGY 
VIDTH
AREA <X1GC0>
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2.3c. Narrow scan spectra for nitrogen of a sample of 
Kunifer 10 after immersion organic extract (11/83)
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the metallic and cuprous states. The dominant species was 
copper (I). Table 3.2.1. outlines the copper Auger and 
photoelectron peaks that enable identification of the copper 
species. It is interesting to note that after immersion for 90 
hours in some of the extracts (eg. May 1984 extract) the 
predominant oxidation state of the copper changed to cupric 
(figure 3.2.2a, 3.2.2b), whilst others remained in the cuprous 
state. There did not appear to be any predictable correlation 
between concentration or length of immersion with oxidation 
state. It is possible that the material extracted at various 
times of the year had particular affinities for individual 
copper species, or stimulated a transition to higher oxidation 
states and thus stimulating corrosion. Figure 3.2.4. shows 
survey spectra of Kunifer 10 after treatment in four different 
extracts, the bottom two spectra (January 1984, December 1985) 
indicate that the copper was predominantly cuprous, whilst the 
upper two spectra (September 1985, July 1985) suggest that the 
copper was mainly in the cupric form.
Table 3.2.1 copper X-ray photoelectron and Auger lines (Al 
ka radiation).
Species Auger line (ev) Photoelectron line (eV)
Cu (0) 567.5 930.9
Cu (I) 570.3 930.4
CU (II) 568.5 931.7 *
* satellite present at approximately 945 ev differentiates
between Cu (II) and Cu(O), C u (I ) ; Auger line enables 
differentiation between Cu(O), Cu(II) and Cu(I).
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3.2.4. XPS wide-scan spectra of Kunifer 10 immersed in 
various marine extracts.
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3.2.5. Carbon XPS narrow-scan for a) clean, untreated 
Kunifer 10, b) Kunifer 10 after immersion for 5 
minutes in a marine extract and c) Kunifer 10 
after immersion for 90 hours in a marine extract.
128
Curve fitting of the nitrogen Is photoelectron peak showed 
the presence of various nitrogen containing materials (figure 
3.2.3c.). After correcting for specimen charging by referencing 
to the carbon Is X-ray line (284.5 eV), it was found that the 
main portion of the nitrogen peak may be attributed to either 
adsorbed gaseous nitrogen or NH bonds, possibly representing 
the peptide linkages of proteinaceous molecules (peak 1). 
Higher binding energy material (peak 2) indicated the existence 
of more oxygenated nitrogen such as nitrite or nitrate whilst 
the lower energy peak 3 suggested the presence of amine type 
chemical bonds.
Curve fitting of the carbon spectra indicated the presence 
of adventitious carbon on the clean, untreated Kunifer 10 
(figure 3.2.5a.), this was contaminating material that adsorbed 
to the metal during preparation and transfer into the 
spectrometer. The main photoelectron peak at approximately 284 
eV represented the presence of C-C, C-H hydrocarbon type 
groups. After a brief immersion in any of the organic extracts 
(about 5 minutes) it was possible to separate out components 
attributable to carbon with higher binding energy (figure 
3.2.5b.), with peaks at approximately 286 eV representing 
aldehyde or ether type groups (possibly carbohydrate) and at 
approximately 287.7 eV representing acidic or peptide groups 
(possibly of carboxylate material). Pretreatment for longer 
periods (up to 90 hours) led to considerable broadening of the 
carbon Is photoelectron peak and statistical deconvolution 
indicated that the majority of the components had high binding 
energies (figure 3.2.5c.).
The level of "organic" carbon varied between extraction
129
AREA <XI000) 
* AREA
337.89
27.85
1853.83
55.03
578.67
17.12
CHI SQ.= 459
1 .85  extract,
2 8 4  “  " '  2 8 62 7 8 2 8 22 8 02 7 6 2 8 8 2 9 22 9 0 2 9 6
BINDING ENERGY 
WIDTH
AREA <X I000)
*  AREA
284.7
2.38
798.28
28.94
288.4
2.33
1851.51
55.75
289.8
2.38
512.79
17.31
CHI SQ.= 478
6.85  extract
2 7 8 2 9 02 8 0 2 8 2 2 8 42 7 6 2 8 6 2 8 8 2 9 2 2 9 62 7 4 2 9 4
BINDING ENERGY 
WIDTH
AREA <XJ000> 
AREA
284.8
2.45
596.72
33.57
288.3
2.45
835.85
50.40
288.9
2.45
284.84
16.03
-\
1
27>
CHI SQ .= 106.
2 .85  extract.
27.4 276 278 280 282 284 286 288 290 292 294 296
Binding Energy f e W
3.2.6. Carbon XPS narrow-scan for Kunifer 10 after immersion 
in a) the January 1985 extract, b) in the June 1985 
extract and c) in the February 1985 extract.
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types (figure 3.2.6a., 3.2.6b.), but the major component of the 
carbon peak was always higher binding energy material with 
binding energy approximately 286.4 eV. The rise in higher 
binding energy carbon levels and concomitant increase in 
nitrogen is suggested to indicate the presence of adsorbed 
organic molecules containing proteinaceous/carbohydrate 
materials. Immersion of Kunifer 10 coupons in the most 
concentrated extract (February 1985 extract containing 394 
mg l"1 carbohydrate) resulted in the broadest recorded 
photoelectron line for carbon and when curve fitted, (figure 
3.2.6c) peak widths were found to be in the region of 2.45 eV. 
Individual peaks with greater than about 2.2 eV are unlikely to 
relate to a specific type of chemical group, rather these peaks 
probably reflect a combination of groups, all with similar but 
v not exact spectral positions. The result is an extremely broad 
envelope which reflects the structural complexity of the 
adsorbed molecules. Table 3.2.2. outlines experimental binding 
energies for various molecular configurations.
In section 3.3., the effects of the extracted marine 
organic molecules on the electrochemical behaviour of the 
Kunifer 10 alloy are reported.
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T a b l e  3.2
Experimental binding energies (eV) 
Is levels
Molecule V
1
0 * 1
1 O II 0 o - c ^ -
CHjOH 533-6 286-6
CH 3 CHjOH 533-6 286-6
CH 3 COCH 3 533-6 287-9
CH 3 CH 2 OCH 2 CH 3 533-6 286-5
h c o o c h 2 c h 3 534-5 533-3 289-3 286-6
CHjCOOCH 2 CH 3 534-4 533-6 289-0 286-6
CH 3 COOCH(CH 3 ) 2 534-5 533-5 289-2 286-7
CH 3 COOCH,CH(CH 3 ) 2 534-4 533-2 289-2 286-7
c h 3 c o c h 2 c o o c h 2 c h 3 534-4 533-1 288-9 286-3
533-6 287-2
280 284 288 292 296
C-C.C*0.050,(0 ) I
<§r
c«0l 
C T0 ■ ■
S.-C I
s-c
CI-C ■ ■  
ar-C I
r c
I I I I I I I I I I I I I?»0 JtJ i** ?e»
C„
HfC
TiC
wc
C (graphite)
(CH;)n
Mn(CsH5)2
Sri Ph4
M eCHjNH:
Cr(C5Hs);
MeCH.CI
MeCHjOH
MeCHjOEt
MeCH,OOCM e
CS3
Fe(CO)5
Me2CO
(NH,)3CO
CtF6
MeCOONa
MeCOOEt
MeCOOH
Na:CO,
NaHCO,
CO
C 0 3
(CHFCH,)n
iCHFCHF).
(CHFCF2)n
(CFjCHj)n
(CFlCHF)n
(CF,)n
CFjCOONa
CCI4
CFjCOMe
CFjCOOEt li
.2. Experimental binding energies of carbon for various 
molecular configurations (after Clark and Thomas, 
1976, 1978; Perkin Elmer handbook, 1979).
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3.3 EFFECT OF DISSOLVED MARINE ORGANIC MATTER ON THE 
POLARISATION BEHAVIOUR OF KUNIFER 10.
Parvizi, (1985) demonstrated the partial loss of cathodic 
inhibition upon deaeration of Kunifer 10 pretreated in 
seawater. In artificial seawater or isotonic sodium chloride 
solutions the Tafel constants were similar in both aerated and 
deaerated environments, thus indicating a possible effect of 
the natural organic products in seawater as it is primarily 
these materials that distinguish natural seawater from its 
synthetic counterparts.
A considerable amount of time was invested to try and 
improve the efficiency of existing methods available for the 
extraction of the dissolved organic fraction of seawater. The 
chloroform emulsion technique was improved primarily by 
minimising the number of glassware changes throughout the 
extraction process, thus maximising the amount of collected 
"surface active" organics. The majority of time was involved in 
the development and tailoring of a commercially available 
ultrafiltration system (Pellicon, Millipore Inc. USA.) to 
extract high molecular weight dissolved organic molecules in 
such quantities to enable both experimentation with and 
analysis of the extracted materials. This section reports the 
results of the effects of such materials on the passivation 
behaviour of the Kunifer 10 alloy.
3.3.1. Direct current electrochemistry.
The direct currect (DC) electrochemistry results are 
based on calculated Tafel constants derived from experimental 
data using the Beta program (outlined in chapter 2). Before the 
investigations were caried out, the new data recording system,
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(built and developed as part of this thesis, see chapter two) 
was checked for accuracy using dummy cells of standard 
resistances. Figure 3.3.1. (a and b) shows experimental and 
theoretical data for dummy cells of 10k ohms and 100 ohms 
respectively. The slight divergence from the expected values 
when using the 100 ohms dummy cell was attributed to small 
accumulative resistances of the experimental equipment 
(connecting leads, etc.), these are not detectable at high 
values of resistance (figure 3.3.1a).
Table 3.1. outlines the experimental results after 
processing by the Beta program. In pure sodium chloride 
solutions (3.4% w/v, isotonic with seawater), the cathodic 
Tafel constants remained virtually unchanged upon deaeration 
(test 1). In photooxidised seawater (test 4) with dissolved 
organic carbon levels <0.30 mg I”-*- similar results were 
obtained, although the Tafel values were generally lower. 
However, addition of organic extracts to either the single salt 
solutions or "organic-free" seawater (as a pretreatment 
solution), resulted in considerable decreases in the derived 
cathodic Tafel values upon deaeration (test 2 and 5). This 
suggested that by addition of dissolved marine organic material 
to the test media, the cathodic process could be sustained 
(albeit temporarily) under transient oxygen conditions.
In freshly collected seawater, similar decreases in Be 
values were recorded upon deaeration (test 3) and when seawater 
was enhanced with extracted organic material (by addition of 10 
ml 1”1 of concentrated extract, batch 02.85), the cathodic 
Tafel values decreased (upon deaeration) to values similar to 
those of the unpassivated alloy.
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The above experiments suggested a definite correlation 
between the presence of organic matter in the test solutions 
and loss of passivation of the alloy upon deaeration. It would 
be expected that a reduction in the available oxygen for 
reaction would result in reduced corrosion rates (higher Bc 
values), it therefore appears that the presence of marine 
organic molecules may in some way interfere with the normal 
cathodic process perhaps by acting as catalysts or by direct 
action. The anodic beta values, (Ba values, table 3.1.) largely 
remained static, suggesting that any effect on the corrosion 
process was essentially restricted to the cathodic half­
reaction.
Coupons of Kunifer 10 pretreated in synthetic media 
supporting the growth of pesulphovibrio sp. (SRB), recently 
isolated from panels of Kunifer 10 immersed in the sea at 
Itchenor Reach, also showed signs of accelerated corrosion upon 
deaeration (test 7). The cathodic Tafel constants fell 
dramatically upon-deaeration, whilst the values for the anodic 
process remained virtually static. It is suggested that in this 
case the bacterial secretions in some way enhanced the cathodic 
process, thus facilitating the corrosion of the alloy.
Considerable shifts in corrosion potentials (Ecorr), were 
also recorded for the latter experiment (test7) and 
polarisation behaviour experiments 2 and 5 (see table 3.1). The 
smallest changes in corrosion potentials were recorded for 
fresh seawater and pure 3.4% sodium chloride solutions (tests 3 
and 1). comment upon such changes in corrosion potentials upon 
deaeration will be made in the next chapter.
Tafel plots for the above experiments have been produced
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and are displayed in figures 3.3.2a to 3.3.4a. Triangles 
represent the recorded data, whilst the modelled processes 
(anodic and cathodic Tafel slopes) are shown as continuous 
lines. Experiments in aerated and deaerated solutions are 
overlayed to give information about the shifts in corrosion 
potentials upon deaeration, the actual values for each shift 
are displayed in table 3.3.1.
Using a program written to record temporal changes in 
corroion current (program 2 in the appendix), it was also 
possible to monitor the effect of natural levels of organic 
materials in seawater on the anodic corrosion current of the 
alloy according to the methods outlined in chapter 2. The 
results (figure 3.3.4b) indicated that the alloy became 
passivated when exposed in freshly collected seawater and in 
photooxidised seawater, however corrosion currents were higher 
in the unprocessed water. Similarly, higher anodic corrosion 
currents were recorded for the alloy immersed in solutions (eg. 
3.4% Nacl or photooxidised seawater) containing extracts of 
dissolved marine organic matter as compared with "organic-free" 
solutions. This suggested that the increase in anodic corrosion 
current was directly attributable to the presence of dissolved 
marine organic molecules.
The electrochemical investigations have so far shown that 
the dissolved organic fraction of seawater does have a 
measurable effect on the corrosion behaviour of the Kunifer 10 
alloy. The direct current investigations have shown that it is 
primarily the cathodic half-reaction that is affected by such 
molecules. These changes in the rates of cathodic reactions are 
significant in seawater containing transient oxygen levels.
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3.3.2. Polarisation behaviour of Kunifer 10 in a) 3.4% NaCl, 
and b) freshly collected seawater.
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3.3.3a. polarisation behaviour of Kunifer 10 in seawater with
added seawater extract "D" (10 ml l”1).
LOG10
cr
CLe
UJO'O'CDCD
1= AERATED ELECTROLYTE 
2= DEAERATED ELECTROLYTE
-36 -34 -32 -30 -28 -26 -24 -22 -20 -18 -16 -14 -12
POTENTIAL (mV SCE) X101
LOG10
cr
CLScSo
cnzz:
L U
CD
1= AERATED ELECTROLYTE 
2= DEAERATED ELECTROLYTE
POTENTIAL (mV SCE) X101
3.3.3b. Polarisation behaviour of Kunifer 10 in photo­
oxidised seawater plus extract "D" (10 ml l-1).
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3.3.4a. Polarisation behaviour of Kunifer 10 after incubation
with sulphate reducing bacteria for 4 days.
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The copper tolerant marine bacteria of the genus 
Desulphovibrio also caused a change in the rate of the cathodic 
reaction, indicating that by direct action or indirectly by the 
secretion of organic materials, the organism has the potential 
to increase the rate of the cathodic half-reaction (figure 
3.3.4a). In all instances the anodic reaction appeared to be 
virtually unaffected. However, further investigations showed 
that the anodic corrosion current was slightly higher in the 
presence of organic molecules (figure 3.3.4b).
Although the D.C. measurements were useful in providing 
information about the individual reactions, such investigations 
do not give any information about capacitive changes apd as 
corrosion products accumulate on the test material, the nature 
of the system being measured is altered. Such problems may be 
solved by adding a small alternating current signal to the D.C. 
polarisation voltage applied to the cell and using the 
technique of AC. electrochemistry.
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3.3.2. Alternating current impedance measurements.
The alternating current (impedance) measurements were made 
using a commercially available system described in chapter 2. 
Based on the voltage and current measurements, the impedance of 
the material under investigation may be calculated.
Figure 3.3.5. outlines the film characteristics of Kunifer 
10 exposed in freshly collected seawater. The increase in 
resistance to charge transfer (RC{-) with time is as would be 
expected for the spontaneously passivating alloy. Highly 
resistive films formed on the Kunifer 10, after 3 days values 
of 5.1 k ohms cm"^ were recorded, rising to 39 k ohms cm"^ by 
13 days (figure 3.3.5a). A corresponding decrease in film 
capacitance (C^) with time was recorded (figure 3.3.5b), from 
a value of 14.3 |iF cm”2 after 1 hour, 93.4 nF cm"2 by 3 days 
and 8 nF cm-2 after 13 days.
Complex plane impedance diagrams (Nyquist plots) were 
produced for Kunifer 10 samples immersed in freshly collected 
seawater (figure 3.3.6a) and after 13 days immersion (figure 
3.3.6b). These plots show how the amplitude and phase of the 
cell's impedance change with frequency. By computer curve 
modelling the plot for the fresh sample was found to be a 
distorted semicircle with centre below the real axis (z'). 
Figure 3.3.7a depicts the theoretical model. The results for 
the aged sample (figure 3.3.6b) indicated that the corrosion of 
the alloy was diffusion controlled as depicted by the typical 
"Warburg” type impedance plot.
A simple semicircle centred on the real axis arises from 
an interfacial process that may be represented by an electrical 
circuit and is typically characterised by a single relaxation
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Figure 3.3.5a. AC impedance plot of Kunifer 10 in freshly 
collected seawater - resistance to charge transfer.
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Figure 3.3.5b. AC impedance plot of Kunifer 10 in freshly
collected seawater - film capacitance.
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Figure 3.3.6a. Nyquist plot for Kunifer 10 immersed in
freshly collected seawater.
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Figure 3.3.6b. Nyquist plot for Kunifer 10 after immersed in 
seawater for 13 days, inset = high frequency region.
145
time (Macdonald, 1977). The equivalent circuit for the Kunifer 
10 samples is displayed in figure 3.3.7b. This consists of a 
parallel arrangement of resistive and capacitive components. As 
the semicircle was found to be below the real axis, it is 
likely that a distribution of relaxation times was recorded, as 
suggested by Macdonald (1977), (ie. phase characteristics of 
the recorded current as compared with the applied voltage of 
the particular excitation frequency).
Depression angle tane = -§-G
N
CD.
Figure 3.3.7a. Theoretical Nyquist plot for 3.3.6a. Note the
centre below the real axis (Z").
cdl
Cdl = double layer capacitance.
Rct = charge transfer resistance.
Rw and Cw represent a simplified "Warburg" impedance accounting 
for mass transfer limitations due to diffusion processes 
adjacent to the electrode.
Figure 3.3.7b. Electrical equivalent - One Time constant cell,
including the Warburg impedance.
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Samples of the alloy were also aged in freshly collected 
seawater at various fixed electropotentials. The impedance 
characteristics of cathodically protected surfaces (-240 mV to 
-400 mV SCE) showed slightly higher resistances to charge 
transfer (figure 3.3.8a) as compared with the samples tested 
under open circuit conditions for 13 days (figure 3.3.5a). 
However, material pretreated at anodic potentials, (eg. -150 mV 
SCE, slightly anodic of the mixed potential region and -40 mV 
SCE, the critical anodic current point) showed dramatically 
reduced resistances (figure 3.3.8a) and increased film 
capacitances (figure 3.3.8b). The results clearly indicated 
that the most significant film changes occurred at 
electropotentials between -150 mV and - 20 0 mV SCE, 
corresponding to potentials at which iron-rich and cuprous 
chloride-rich films form respectively (detailed in section 
3.3.6).
At anodic potentials, the Nyquist plot (figure 3.3.9a) 
revealed the presence of a low frequency two-time-constant cell 
(electrical equivalent shown in figure 3.3.10). Thus at such 
potentials it was possible to separate components attributed to 
transport through the film and that of charge transfer close to 
the interface (corrosion). At potentials only slightly anodic 
of the mixed potential region (eg. -150 mV SCE), the processes 
are indistinguishable, resulting in a conjunction of the two 
semicircles (figure 3.3.9b).
Pretreated Kunifer 10 in solutions of the organic 
extracts, (eg. 24 hours in extract 04.86, 100 times seawater 
concentration) resulted in very low values for charge transfer 
resistance (table 3.3.2) and considerably high capacitances, as
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Figure 3.3.8. The effect of changing the electropotential of 
Kunifer 10 in seawater - AC impedance plot.
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Figure 3.3.9. Nyquist plot for Kunifer 10 at controlled
electropotential.
149
compared with coupons immersed in seawater. Material immersed 
in "polluted" seawater was found to have high resistance to 
charge transfer and low film capacitances.
CF Cdl
- C
Rs £ = }
RF Ret
Figure 3.3.10. Electrical equivalent for figure 3.3.9a
Two Time Constant cell.
Table 3.3.2 Film characteristics of Kunifer 10 after 24 hours
TREATMENT Rct (ficm.-2) Cdl (pF cm"2)
1 FRESHLY COLLECTED 
SEAWATER 1630
2 ORGANICALLY PRE­
TREATED SEAWATER 69
3 POLLUTED (low 02)
SEAWATER 60,000
1.36 . 
226.3 
0.0438
Nyquist plots for the alloy pretreated in freshly collected and 
"polluted" seawaters are shown in figure 3.3.11.
Energy Dispersive x-ray analysis (EDXA) of the specimens 
immersed in polluted seawater (figure 3.3.12) indicated that a 
thick cuprous sulphide film had formed (plate 3.3.1), partial 
reaeration resulted in approximately a 20% decrease in Rct 
values although the film capacitance appeared stable.
At controlled electropotentials (table 3.3.3) the 
characteristics of the passivating cuprous sulphide film that 
had formed on the alloy in polluted seawater changed from
150
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Figure 3.3.11. Nyquist plots for Kunifer 10 alloy.
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Figure 3.3.12. EDX analysis of Kunifer 10 after immersion in
"polluted" seawater.
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Plate 3.3.1. Surface films on Kunifer 10 after immersion in
polluted seawater.
Polymorphs of cuprous sulphide on Kunifer 10 after 4 days 
immersion in polluted seawater indicating progressive 
nucleation leading to a heterogenous surface film.
A) Micrograph showing cuprous sulphide deposits on and 
within an organic matrix.
B) Micrograph showing crystalline cuprous sulphide 
deposits.
C) Micrograph showing a nucleated region of cuprous 
sulphide.
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highly resistive, to that of a low resistance shunted 
capacitor, even after aging. A further period of aging at -450 
mV (SCE) resulted in capacitive changes but only slight 
increases in film passivity. Low Rct values were also recorded 
for the organically pretreated alloy at electropotentials of 
-200 and -150 mV SCE as compared with specimens in freshly 
collected seawater.
Table 3-3-3. Impedance characteristics of the Kunifer 10 alloy.
TREATMENT (mV SCE) Rct ( Q cm"2) Cdl (F cm"2)
1 POLLUTED SEAWATER -150 15 0.94
2 AS 1,AGED 5 DAYS -150 24.6 1.54
3 AS 1,AGED 1 DAY -450 30.7 0.015
4 ORGANIC EXTRACT $ -200 61.6 0.0067
5 ORGANIC EXTRACT $ -150 4.15 -
6 FRESH SEAWATER -200 43700 0.053 ]1F
7 FRESH SEAWATER -150 1560 1.708 pF
$= extract 04.86 @ lOOx seawater concentration.
The results of the A.C. impedance investigations suggest 
that Kunifer 10 when allowed to corrode freely in seawater, 
readily produces a passivating film of high electronic and 
ionic resistance (high Rc^). Thus the natural levels of 
dissolved organic material in freshly collected seawater appear 
not to have any detrimental effect on the alloy. However, in 
solutions containing elevated levels of high molecular weight 
marine organic matter, such highly resistive films did not form 
on the alloy. This suggests that seawater containing large 
quantities of dissolved organic materials may inhibit or 
interfere with the development of the protective films that 
afford such good corrosion resistance to the Kunifer 10 alloy.
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3.4. MARINE EXPOSURE OF CLEAN/ UNTREATED KUNIFER 10 ALLOY.
This investigation was divided into two phases: A short 
term study followed the biofouling and corrosion films that 
form on Kunifer 10 during the first six hours of marine 
immersion, the second study was based on longer immersion 
periods ranging from two weeks to two years. The performance of 
the alloy was investigated using electron microscopy 
techniques, x-ray photoelectron spectroscopy and energy 
dispersive x-ray analysis as described in chapter two. Electron 
microscopy data is presented before the visual observations as 
the earliest changes to occur were at the microscopic level.
3.4.1. Scanning electron microscopy.
Short exposure of the Kunifer 10 for periods up to six 
hours revealed no detectable microbial settlement, however 
small patches of organic matter and inorganic deposits were 
identified. In direct contrast, AISI 316 stainless steel 
immersed alongside the Kunifer 10 became colonised by bacteria 
within 30 minutes (17 bacteria mm” )^ and by 4 hours, over 200 
bacteria per mm”  ^ were recorded. This indicated that potential 
colonising bacteria were present in the surrounding waters but 
the Kunifer 10 proved to be an unfavourable surface for 
settlement.
After two weeks immersion the surface of the Kunifer 10 
became covered in a thin oxide film, its growth closely 
followed that of the underlying metal (plate 3.4.1a). As this 
film developed into an entire overlayer, organic compounds 
present in the surrounding waters were incorporated (plate 
3.4.1b) and this resulted in a thick crusty film with a smooth
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Plate 3.4.1. Surface films on Kunifer 10 after marine
immersion.
A) Micrograph showing the surface after 2 weeks immersion 
in seawater; a thin oxide film (arrowed) is visible, 
note that nucleation of the oxide crystals closely 
follows the surface irregularities of the underlying 
alloy.
B) Micrograph showing bacteria (b) on the surface of an
organic overlayer that had developed after 2 weeks 
marine immersion.
C) Micrograph showing the formation of a thick crusty
overlayer (arrowed), with a smooth outer surface. 
Immersion period = 4 weeks.
D) Micrograph showing cracks and fissures in the overlayer
that develop as a result of drying.
E) Micrograph showing dense bacterial contamination after 
12 weeks marine immersion.
F) Micrograph showing the diatom Amphora sp. attached
to the surface by means of strands and sheets of 
mucilage (m). Immersion period = 12 weeks.
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outer surface (plate 3.4.1c). Cracks and fissures in the films 
on the Kunifer 10 (plate 3.4.Id) were probably due to the 
drying process prior to analysis.
After twelve weeks exposure, rod shaped bacteria were 
visible on some areas of the Kunifer 10 (plate 3.4.1e), their 
attachment mediated by copious mucilaginous secretions. Amphora 
(plate3.4.If) appeared to be the principal fouling diatom and 
its secreted mucilage sheets covered the surface along with 
corrosion products, silt deposits, old diatom frustules and 
miscellaneous detritus (plate 3.4.2a,b). This organism 
completely dominated the surface of the alloy from four to 
twenty-four weeks exposure after which other populations of 
diatom species were observed. These included species of Synedra 
(plate 3.4.2c), Achnanthes (plate3.4.2d) and Odontella (plate 
3.4.2 e ).
After thirty weeks immersion (plate 3.4.2f), the film 
thickness had developed to several hundred microns, pennate 
diatoms, coccolithophorids (Emiliania huxleyi), silt deposits 
and corrosion products were "cemented" together by the 
mucilaginous secretions of the organisms.
3.4.2. Transmission electron microscopy.
Material for TEM was retrieved and processed after 12 and 
24 months immersion. The densely packed corrosion products 
present on the Kunifer 10 alloy after 12 months are pictured in 
plate 3.4.3 (a,b). This material appeared to be heterogenously 
distributed: thick electron dense areas were interspersed with 
electron transparent regions resulting in curious geometrical 
patterning. Bacteria were observed sandwiched between dense
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Plate 3.4.2. Diatoms on Kunifer 10 after marine immersion.
A) Micrograph showing the diatom Amphora sp., immersion 
period = 12 weeks.
B) Micrograph showing the diatom Amphora and associated 
debris; immersion period = 24 weeks.
C) Micrograph showing the diatom Synedra sp., immersion 
period = 24 weeks.
D) Micrograph showing the diatom Achnanthes sp. attached
by a mucous sheet (m). Immersion period 24 weeks.
E) Micrograph showing the diatom Odontella sp., exposure
time 24 weeks.
F) Micrograph showing a typical surface film after 30
weeks marine immersion, pennate diatoms (p) and 
coccolithophor ids (eg. Emiliania h u x _1 e^ { e } ) are 
visible amongst the film of organic detritus and 
corrosion products.

bands of corrosion products (plate 3.4.3c,d). These layers were 
separated by the mucilaginous secretions of the bacteria. 
Plates 3.4.3 (e,f) show unstained sections of biofilm
containing algal cells with corrosion products and silt 
deposits surrounding the cells. The brown algal cell wall in 
plate 3.4.3f was completely surrounded by a mass of aggregated 
clay-mineral deposits which were found (by x-ray microprobe 
analysis) to be silicon rich.
Two year exposed material appeared similar in nature to 
the earlier TEM sections but supported greater numbers of 
organisms both in species type and quantity. Large prostrate 
ectocarpoid filaments were present towards the base of the 
fouling film (plate 3.4.4a,f, plate 3.4.5e), these were 
surrounded by mucilaginous secretions which appeared to be 
encompassed by corrosion products and bacteria. The sequential 
layering of corrosion products and bacteria as seen after 12 
months immersion, was not observed in the 2 year biofilms on 
the Kunifer 10. However, there was considerable diversity 
between the cells present, some bacteria possessed darkly 
staining granular material on their cell walls (plate 3.4.4b), 
whilst others appeared fimbriate (plate 3.4.4c). The majority 
of diatoms present in the biofilm were found to be various 
species of Amphora (plate 3.4.4d). These cells were surrounded 
by corrosion products and mineral deposits. The replicating 
Amphora present in plate 3.4.4e indicated that conditions at 
the base of the biofilm, (2-20 pm from the alloy surface) were 
suitable for growth and reproduction. It is interesting to note 
that copper-rich inclusion bodies were not detected in the 
diatoms adjacent to the Kunifer 10 surface. Although no
159
Plate 3.4.3.TEM Sections through bio/corrosion layers on 
Kunifer 10 alloy after marine immersion.
A) Densely packed corrosion products after 12 months 
marine immersion. x 5,100.
B) Densely packed corrosion products after 12 months 
marine immersion. x 6,000.
C) Bacteria (arrowed) sandwiched between layers of 
corrosion products (cp). x 4,680.
D) Detail of bacteria (b) showing heavily stained nuclear 
regions, mucilage (m) and adjacent corrosion 
products (cp). x 22,000.
E) Unstained section of a portion of the biofilm rich in 
algal cells (a), surrounded by clay minerals (cm) and 
corrosion products (cp). x4,600.
F) Unstained section showing detail of a brown algal cell 
surrounded by clay mineral deposits (cm), x 10,000.
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Plate 3.4.4T°TEM sections through bio/corrosion films on 
Kunifer 10 after 2 years marine immersion.
A) Section showing part of a large ectocarpoid filament
(a) situated towards the base of the fouling layer. A 
region surrounding the filament was rich in mucilage 
(m), this in turn was covered in corrosion products 
and bacteria. x3,550.
B) Detail of bacteria (b) embedded in the bio/corrosion
film possessing darkly staining granular materials on 
their outer walls, x 27,000.
C) Detail of bacterium with long fimbriae (f) radiating
from its outer wall, x 44,000.
D.) Section showing Amphora sp. (am) surrounded by 
bacteria (b), corrosion products and silt deposits, 
x 5,660.
E) Stained section showing detail of Amphora cell and
associated bacteria (arrowed) found at the base of the 
fouling film, x 8,520
F) Section through the base of the fouling film showing
the presence of many prostrate ectocarpoid cells 
surrounded by large populations of bacteria. x 2,800.
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experiments were carried out to estimate the copper levels, the 
above observation suggests that soluble copper levels within 
the biofilm were quite low. Deep within the fouling film, (ie. 
2-60 |im from the alloy surface) many prostrate ectocarpoid 
cells were present (plate 3.4.4f) and these were generally 
surrounded by large numbers of bacteria and occasional Amphora 
cells (plate 3.4.5a). Many of the bacteria appeared to be in 
close association with diatoms (plate 3.4.5b) whilst other 
bacteria were completely surrounded by "protective" capsules of 
mineral deposits and corrosion products (plate 3.4.5c). In some 
areas, the ectocarpoid cells were so densely packed that there 
was little available space for bacteria or other organisms of 
the biofilm to proliferate (plate 3.4.5d). Plates 3.4.5e and f 
are more typical examples of the appearance of the mature 
biofilm on the Kunifer 10 alloy.
3.4.3. Visual observations.
The performance of the kunifer 10 alloy was closely 
monitored and a photographic record was made, covering a period 
of two years marine exposure from May 1984 to March 1986, the 
most important changes are described.
Material recovered after the first 3 months of immersion 
appeared to be free of any fouling matter, (plate 3.4.6a,b) 
although SEM and TEM examinations showed an abundance of 
microscopic organisms (bacteria and diatoms). This was in 
direct contrast to the supporting wooden panel, which was 
dominated by the macroalgae, typically the kelps (Phaeophyceae) 
eg. Lam inaria saccharina and green algae, (chlorophyceae) eg. 
Ulva lactuca and Enteromorpha intestinalis. A lawn of
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Plate 3.4.5. TEM sections through bio/corrosion film on 
Kunifer 10 after 2 years marine immersion.
A) Unstained section showing upper and lower frustules of 
the diatom Amphora (am), x 4,600.
B) Stained section showing mucilage (m) released from an 
Amphora cell (d) and associated bacteria (arrowed). 
Nuclear material of individual bacterial cells appears 
darkly stained, x 13,000.
C) Section of biofilm showing bacteria (b) surrounded by 
mucilage (m) and a "casing" of clay particles (cm), 
within this shell, x 16,000.
D) Stained section of biofilm showing a region densely 
populated with ectocarpoid cells (brown algae). x3,600.
E) Stained section of biofilm showing a more 
representative picture of the biological component of 
such films (a = algal cell, d = diatom and bacteria 
are arrowed), x 4,600.
F) Stained section of a portion of biofilm at the base of 
the slime layer showing a more representative picture 
of the biological component of such films (a = algal 
cell, d = diatom), x 4,600.
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Plate 3.4.6. Visual observations of the Kunifer 10 alloy
after marine immersion.
A) Kunifer 10 coupons after 3 months immersion. Note the 
heavy algal fouling on the supporting panel, Laminaria 
saccharina (L) and Ulva lactuca (U). Macrofouling was 
absent on the test coupons.
B) Detail of test coupons, adjacent AISI stainless steel 
coupons and the plastic nuts and bolts used to attach 
the test coupons to the wooden panels were heavily 
fouled.
C) Kunifer 10 coupons after 6 months marine immersion. 
The specimens had become fouled by microalgae and 
thick silt deposits.
D) Detail of coupons after 9 months immersion, barnacles 
(B) and the soft-bodied organism Jassa (J) had now 
colonised the alloy.
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microalgae (diatoms and filamentous algae), profuse growths of 
Jassa spp. (a tube-dwelling crustacean) and colonial bryozoans 
covered the entire available surface of the wooden panel. AISI 
316 stainless steel coupons immersed alongside the Kunifer 10 
became substrates for various brightly coloured sponges (plate 
3.4.6b) and after 3 months the surface of the steel was heavily 
colonised by marine fouling organisms. The plastic nuts and 
bolts used to attach the Kunifer 10 coupons to the wooden 
panels were also colonised by a thick silty biofilm however, 
the Kunifer 10 alloy had retained its antifouling properties. 
After 6 months (October 1984) the situation had changed, the 
Kunifer 10 coupons had become colonised by microalgae and thick 
silt deposits were incorporated into the fouling layer (plate 
3.4.6c). The macroalgae that had previously colonised the 
wooden panel had "died back" and the surface was now dominated 
by small barnacles, microalgae, encrusting bryozoans and Jassa 
spp. After 9 months exposure the majority of the thick silty 
biofilm on the Kunifer 10 had been lost and the coupons now 
supported the growth (albeit minor as compared with the wooden 
surround), of colonising barnacles (plate 3.4^6d) chthalam us 
stellatus. These appeared to be loosely attached to the alloy 
and could be easily removed by light finger pressure, whereas 
the barnacles on the wooden panel could not be removed without 
considerable force. Populations of barnacles on the alloy were 
healthy in appearance and showed no signs of shell deformity/ 
stunted growth, which indicated that the copper levels at the 
alloy surface were insufficient to elicit a chronic toxic 
response.
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After 11 months immersion, (plate 3.4.7a) further 
exfoliation had occurred, the Kunifer 10 coupons appeared to be 
clean and free of any fouling organsims, in contrast the 
stainless steel coupons were covered with a diatom turf and 
overlying macroalgae.
Although visible fouling films were absent on the Kunifer 
10 after 11 months immersion, it was noticed that certain 
specimens appeared to have bright, shiny edges and closer 
investigations revealed that some edges had been smoothed away, 
indicating that the corrosion weight-loss was concentrated at 
the cut surfaces (see later). The cut edge of one specimen 
(exposed for 12 months), had corroded to such an extent that 
the angular shape of the edge had been lost (plate 3.4.7b). 
This sample had since developed a dense biofilm (1-2 mm thick), 
covering the majority of the specimen except the area adjacent 
to the corroded edge. Directly surrounding this edge, the metal 
appeared to have a dark brown film covering a lighter yellow- 
brown oxide layer. The fact that both visible corrosion and 
fouling of the Kunifer 10 was observed on the same coupons 
suggests some unusual condition, regions surrounding the 
brightly corroded parts behave cathodically (electron sinks) 
and enable biological colonisation of the coupon. This sequence 
is important and will be considered in the discussion.
The fouling organisms found on the Kunifer 10 did not 
appear to have colonised this dark corrosion film. Removal of 
the coupon from the wooden panel revealed a slimy purple 
deposit surrounded by a bright green corrosion product (plate 
3.4.7c). The purple corrosion product on the underside of the 
coupon was found by XPS analysis to be rich in phosphorus,
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Plate 3.4.7. Visual observations of the Kunifer 10 alloy 
after marine immersion.
A) Kunifer 10 alloy after 11 months immersion compared
with a coupon of AISI 316 stainless steel immersed for 
the same time period, note that the previously 
attached barnacles and Jassa colonies have detached.
B) First photographic record of the unusual and
unexpected "edge" corrosion of the Kunifer 10 alloy 
after only 11 months marine immersion. Note adjacent 
diatom-rich biofilm.
C) Detail of the purple, phosphorus containing corrosion
product found underneath a sample of Kunifer 10 
immersed at Itchenor Reach for 12 months. Note heavy 
adjacent fouling on the wooden panel and the thick 
slime film on the test coupon.
D) Surface of test coupons after 14 months marine
immersion. Recolonisation by barnacles (B) and Jassa 
colonies has occurred.
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silicon and calcium.
After 14 months, (second fouling season) barnacles had 
recolonised the Kunifer 10 along with a thick diatom slime film 
and localised areas of Jassa spp. forming dense clumps (plate 
3.4.7d) • After 2 years the coupons were virtually 
indistinguishable from the supporting panel (plate 3.4.8a), 
which was laden with barnacles, algae, large Jassa colonies and 
many different species of sponges (Porifera), hydroids (eg. 
Tubularia spp.) and bryozoans (plate 3.4.8b). The 2 year 
exposed Kunifer 10 was covered by a thick brown mucilaginous 
biofilm (plate 3.4.8c), composed of the same organisms that had 
fouled the wooden support and incorporated mineral deposits. 
The barnacles present were up to 16 mm in diameter and the 
protective cylindrical housings of the Jassa (constructed of 
silt and debris cemented together with the mucous secretions of 
the inhabiting crustacean), exceeded lengths of 20 mm (plate 
3.4.8d). More detailed observations revealed localised green 
corrosion deposits (which were later identified as basic copper 
chlorides), adjacent to the barnacle and Jassa settlements 
(plate 3.4.9a). These products appeared to occupy surface 
blemishes and depressions on the Kunifer 10. Plates 3.4.9b to d 
illustrate typical areas of the fouling layer, minute erect 
blades, (<10 mm long) of filamentous and flat bladed, (<6 mm 
long) red algae (Rhodophyceae) were visible amongst the mass of 
Jassa tubules and in some areas young sponge colonies were 
present.
The biofilm on the 2 year exposed Kunifer 10 was easily 
removed, revealing a bright cuprous oxide (identified by XPS) 
layer as the outer corrosion products came off with
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Plate 3.4.8. Visual observations of the Kunifer 10 alloy
after 2 years marine immersion.
A) Test coupons appear to be indistinguishable from the
supporting panel which is fouled by avarietyof 
macrofouling plants and animals.
B) Detail of the Kunifer 10 coupons, the macrofouling
appeared to be mainly restricted to barnacles and Jassa 
colonies.
C) Detail of coupon after removal from the supporting
panel. The biofilm consisted of a thick brown 
mucilaginous layer composed of barnacles, Tubularia 
sp., Jassa sp. and other macroorganisms.
D) "Edge on" view of a coupon removed from the supporting
panel. Barnacles (B) and Jassa (J) infestations are 
clearly visible.
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Plate 3.4.9. Detailed observations of the surface of
Kunifer 10 after 2 years marine immersion.
A) Localised green corrosion products (cp) adjacent to
barnacle fouling (b).
B) Detail of Jassa infestations (j) covering the alloy 
surface, note also the minute erect blades of a red 
algae.
C) Detail of young sponge colonies (s).
D) Detail showing Jassa (j), a minute filamentous red
algae and a grazing crustacean Gammarus sp. (g).
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the biofilm (plate 3.4.10a). A dark green/black film surrounded 
a previously exfoliated area and this appeared to be rich in 
organic material, nickel and iron. Viewed from the underside, 
the exfoliated material comprised barnacles, (which had clearly 
deformed shell structures) massive Jassa colonies and localised 
green corrosion deposits (plate 3.4.10b). Some of the 
biofouling material on the 14 month exposed Kunifer 10 also 
sloughed off, particularly after the specimens had been dried; 
again the material peeled off leaving a bright cuprous oxide 
film but unlike the 2 year exposed Kunifer 10, there was an 
absence of the dark film surrounding the exfoliated areas 
(plate 3.4.10c).
3.4.4. Energy dispersive x-ray analysis.
The spectra of 3 regions of Kunifer 10 exposed for 2 years 
at Itchenor Reach are shown in figure 3.4.1. Analysis of a 
heavily biofouled region (trace a), showed the presence of 
silicon, calcium and potassium (present as silt/mineral 
deposits and silica frustules of diatoms), chlorine (corrosion/ 
salt deposits), sulphur (sulphated polysaccharides are 
copiously produced by fouling microorganisms) and copper, 
nickel and iron from the corrosion products/alloy substrate. 
Trace b is the recorded spectrum of an area rich in corrosion 
products with lesser amounts of biological fouling. The bulk of 
this film consisted of corrosion products derived from the 
alloy, plus chlorine and a trace of silicon. Analysis of a 
surface previously heavily fouled with barnacles, (trace c) 
also indicated the presence of chlorine, although other 
inorganic elements were present in only minute amounts. Organic
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Plate 3.4.10. Detailed observatons of the surface of Kunifer 
10 after 2 years marine immersion.
A) Detail of a recently exfoliated region (er), note the 
surrounding dark green/black corrosion products (cp).
B) Detail of the recently sloughed bio/corrosion film, 
note the main components were Jassa and barnacle 
fouling. The barnacles had visibly deformed shell 
structures.
C) Portion of a retrieved coupon, note the bio/corrosion 
film has become detached around the edge of the 
specimen leaving a bright metallic film rich in cuprous 
chloride.
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molecules were likely to be the major component of the material 
beneath the barnacles (mucous secretions and cements) but as 
the EDXA technique has limited sensitivity to organic materials 
this was not confirmed.
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Figure 3.4.1. EDX analysis of Kunifer 10 after immersion in the 
sea for 2 years, a) heavily biofouled region, b) 
region rich in corrosion products and c) 
exfoliated area.
Further investigations were carried out on the 2 year 
exposed Kunifer 10 alloy using digital imaging techniques as 
described in chapter 2. The secondary electron images of the 
portions analysed is shown in plate 3.4.11, (a-d). Analysis was 
divided into 3 regions, a description of each region is given 
in table 3.4.1 along with the results of the x-ray analysis. 
Digital x-ray data is presented as elemental intensity maps, 
(plate 3.4.12a) white being the highest concentration of a 
particular element, followed by red, orange, yellow, green,
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Plate 3.4.11. Scanning electron micrographs of the fouling
films on Kunifer 10 after marine immersion 
for 2 years.
A) Micrograph showing 3 regions for EDX analysis. Region
1 - a mucous-rich film containing diatoms bacteria and 
particulate materials, region 2 - mainly particulate 
fouling, corrosion products and organic secretions of 
microorganisms and region 3 - an exfoliated region 
that had refouled.
B) Secondary electron image of region 1.
C.)j Secondary electon image of region 2.
D) Secondary electron image showing detail of region 3,
note the pennate diatoms (d) and coccolithophorid (e), 
Emiliania huxleyi.
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Plate 3.4.12. Digital X-ray map (digimap) of the micrograph
in plate 3.4.11.
A)Colour coding for X-ray maps, red = highest 
concentration of a particular element, black = lowest. 
The colour intensity of each X-ray map is manually 
adjusted for optimum clarity above the background noise 
level (tl).
B) Composite digital X-ray map for copper, sulphur, nickel 
and calcium.
C) Digital X-ray map for silicon.
D) Digital X-ray map for chlorine.
175
ID Q
CO >
CD N
hh <e
( ) CO Z  U
ii it 11 i
c m  m  ’-r
-J
U
3
Id
-Jz o
3  I -  h  h  
O  UJ *-♦q w u x  .. t n u
N  J  UJ
D
Id
-J ■» =
Iat
li
m
z  CO CL
D  CD >
Z
CO Cv|
ini
tia
l
blue and purple, black indicates the absence of a particular 
element above a preset threshold which is set for individual 
spectra above the background noise level. A composite digital 
x-ray map for copper, sulphur, nickel and calcium is displayed 
in plate 3.4.12b, with additional maps for silicon and chlorine 
distributions in plate 3.4.12c and d.
Table 3.4.1. Results of "digimapped" regions.
REGION
(see plate 3.4.11)
MORPHOLOGICAL
CHARACTERISTICS
ELEMENTAL X-RAY 
CHARACTERISTICS
Mucus-rich film containing 
diatoms, bacteria and 
particulates.
Mainly particulates, corr­
osion products and some 
mucus.
Exfoliated region had 
become recolonised by 
pennate diatoms, much 
particulate fouling 
evident.
This region was rich in 
calcium and sulphur with 
v. little iron, nickel, 
chlorine or copper.
Low levels of nickel, 
chlorine and localised 
levels of calcium, sil­
icon and aluminium (cl­
ay mineral deposits), 
copper and sulphur x-ray 
maps significantly simi­
lar (Cu, S corrosion pr­
oducts?). Low Cl levels.
Cu and Ni signals maxi­
mum in this region (as 
expected because no att­
enuating overlayer). Cu 
&Clmaps significant­
ly similar, indicating 
Cu/Cl compounds. Traces 
of Ca,Si,Al and Fe (min­
eral deposits), no S.
176
3.4.5. X-ray photoelectron spectroscopy (XPS).
The surface chemistry of untreated Kunifer 10 immersed in 
the sea was investigated using the XPS analysis procedures 
outlined previously (section 2.7).
The changes in surface components of the samples are best 
appreciated by reference to the appropriate survey spectra 
(figure 3.4.2). The presence of adsorbed organic matter is 
indicated by the spectral peaks at approximately 285 eV 
(carbon), 400 eV (nitrogen) and 532 ev (oxygen). However, 
careful interpretation of the spectra is required, for 
instance, the carbon signal may originate from surface 
contaminating adventitious material (as described in section 
3.2), the nitrogen signal may arise from adsorbed gaseous 
nitrogen and the oxygen may represent metal oxides and/or bound 
water as well as the adsorbed organic molecules, computer curve 
fitting of the respective photoelectron peaks has enabled 
changes in the levels of particular carbon and/or nitrogen 
components to be monitored.
Surface analysis of the unexposed, freshly cleaned and 
polished Kunifer 10 showed less than 0.1% nitrogenous material 
(figure 3.4.2a), this minute trace, which borders the limit of 
analysis sensitivity, is indicative of the level of nitrogen 
adsorbed during transfer, of the specimen from the preparation 
area and into the spectrometer (if the cleaning procedure is 
not properly carried out then higher nitrogen levels will 
occur). The level of nitrogen increased after immersion in the 
sea for 10 minutes (figure 3.4.2b) and by 6 hours (figure 
3.4.2c), the nitrogen level had increased five-fold. •
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figure 3.4.2. ESCA survey spectra for the Kunifer 10 alloy,
a) clean specimen, b) 10 minute marine immersion, 
c) 6 hour marine immersion, d) 2 week marine immersion 
e) 4 week marine immersion, f) inner film of sample 
after 4 weeks immersion, g) 31 weeks and h) inner 
film after 31 weeks exposure.
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The surface film after 2 weeks exposure (figure 3.4.2d) 
contained nitrogen levels as high as 5% and SEM indicated that 
the surface was essentially free of fouling organisms, the 
nitrogen signal may therefore be attributed to the presence of 
adsorbed organic matter, curve fitting of the nitrogen Is 
photoelectron peak (figure 3.4.3a), indicated that the signal 
comprised 3 components. After charge referencing to the carbon 
Is photoelectron peak, it was found that the main portion 
indicated the presence of adsorbed proteinaceous materials (N-H 
of peptide linkages) and/or large amounts of adsorbed gaseous 
nitrogen. The higher and lower binding energy portions 
represented the presence of molecules containing nitrate or 
nitrite and amime type chemical bonds respectively.
From the microbiological investigations, it is clear that 
after 4 weeks marine immersion, bacteria and diatoms were 
present on the surface of the Kunifer 10 alloy, surface 
analysis showed nitrogen levels to be as high as 7% (figure 
3.4.2e, 3.4.6a). Removal of the flaky outer layer (containing 
the majority of microorganisms) with adhesive tape exposed a 
layer containing nitrogen levels up to 3%. Analysis of the 
fouled surface after 20 weeks marine exposure (figure 3.4.3b) 
revealed changes in the nitrogen component, with increased 
levels of both high and low binding energy fractions. This 
suggested that the film produced by the organic secretions of 
the microorganisms (and the microorganisms themselves) were 
significantly different in composition to that material 
initially adsorbed onto the Kunifer 10 alloy.
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3.4.3. ESCA nitrogen Is narrow scan spectra for Kunifer 10, 
a) clean specimen and b) after 20 weeks marine 
immersion.
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The carbonaceous material present upon initial exposure 
was mainly of an adventitious nature (C-H, C-C, typical of 
hydrocarbon structures, binding energy aprroximately 284.5 ev, 
figure 3.4.4a). After 2 hours exposure, small quantities of 
carbon with higher binding energies were detected and by 
computer curve fitting of the carbon spectra, it was possible 
to distinguish components attributable to carboxylate material 
(C=0 type bonds binding energy approximately 288 ev) and 
carbohydrate type material (C-OH, binding energy approximately 
286 eV) shown in figure 3.4.4b. The relative proportions of the 
higher binding energy carbon species increased over the first 6 
hours of exposure (figure 3.4.4c) and as there were no 
microorganisms present on the Kunifer 10 at this time, the 
increase in higher binding energy carbon (and nitrogenous 
material) can be related to organic film formation; namely the 
adsorption of dissolved organic molecules onto the Kunifer 10. 
Table 3.4.2 outlines the relative changes in carbon species 
present on the Kunifer 10 upon marine immersion.
Table 3.4.2 Carbon species identified after peak fitting.
Binding Energy (ev). Relative atomic percent. Bond type, 
(approximate) 2 hours 6 hours
284 
286 
288
After 4 weeks immersion, the surface of the alloy 
supported a microbial community, the carbon peak had broadened 
• considerably and subsequent curve fitting resulted in peak 
widths of 2.62 eV for the individual components (figure
181
82 77 1. C-C, C-H
13 15 2. C-0
5 8 3. C=0
a) 10 minutes marine immersion
BXXJIW B08T • 2MJ 287.1VU7TH I 2.88 2M
area <xiaee> i ise^i
2 AREA I 89.39
A
wc0*
268 2se
Binding Energy Ce/J
b) 2 hours marine immersion.
BDOtHS sesr I 284.3 283.8 298.1
WIDTH I 1.88 1.88 1.88
AREA <X1888> • 273.44 44.68 18.93X AREA I 81.73 13.23 3.83
CHI SQ .* 121
272 274 276
Binding Energy (eV)
c) 6 hours marine immersion.
Bite I NO Bear ■ 284.3 286.8 288.3
WIDTH I 1M  1.88 1.88
area <xieee> i 298.98 48.43 29.29
X AREA t 78.88 14.38 8.t4
201CHI SQ
272
Binding Energy ('e/J
Figure 3.4.4. ESCA carbon Is narrow scan spectra for Kunifer 10.
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3.4.5a). As mentioned in section 3.2, each peak is likely to 
reflect a combination of groups with similar but not identical 
spectral positions (table 3.2.2), thus resulting in the 
considerable peak broadening shown in figure 3.4.5a. The 
majority of the carbonaceous material gave type 2 chemical 
bonding (see table 3.4.2), which suggested that a major portion 
of the adventitious carbon had become replaced or covered by 
the adsorbed organic molecules. Removal of the surface film 
containing the-microorganisms and corrosion products (figure 
3.4.5b) resulted in a narrowing of the carbon peak and curve 
fitting revealed a predominant type 1 chemical bond. This 
suggested that the inner layer was composed of the earlier 
adsorbed organic molecules and adventitious materials.
The relative proportions of carbon, nitrogen and oxygen on 
the surface of the Kunifer 10 are displayed in figure 3.4.6a. 
Nitrogen and oxygen levels increased up to 14 days, with a 
subsequent decrease in carbon content. After this period, the 
percentages of the respective elements levelled off. 
Examination of the copper 2p photoelectron peak (binding energy 
approximately 934 ev), enabled the valency state of copper 
present in the outer film to be determined (figure 3.4.6b). 
Copper (II) can be readily distinguished from copper (I) by the 
appearance of a shake-up satellite peak at approximately 945 
eV and confirmed by a study of the copper Auger peak (see 
previous section). After the first hour of marine exposure the 
surface copper was mainly in the monovalent state (figure 
3.4.6b and 3.4.7), however after 6 hours immersion the outer 
layer contained mainly copper (II). From this point onwards, 
the majority of the copper present in the outer layer appeared
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Figure 3.4.5. ESCA carbon Is narrow scan spectra for Kunifer 10 
a) after 4 weeks marine immersion and b) after 
removal of the outer fouling layer.
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in the cupric (II) form. Copper (II) material was identified in 
fouling films after 20 weeks marine immersion and after 31 
weeks was still the most prominent species (figure 3.4.7). 
Removal of the outer film containing the microorganisms mineral 
and corrosion products revealed a cuprous-rich layer (figure 
3.4.2h). This layer also contained elevated levels of chlorine 
and nickel, as no sodium or magnesium were detected it is 
suggested that copper and/or nickel complexes along with 
organic ligands were the major components of this inner layer. 
The outer film was analysed and found to contain copper (II) 
chlorine corrosion products typically paratacamite.
Iron was absent in the films formed on Kunifer 10 over 
short marine immersion periods (up to 6 hours) and it was not 
until after 14 days marine immersion that a trace quantity 
(0.6%) of this element was detected. Removal of the outer 
fouling film after 4 weeks immersion revealed an iron-rich film 
as indicated by a strong photoelectron peak at approximately 
710 ev (figure 3.4.2f). This was confirmed by energy dispersive 
x-ray analysis which showed elevated iron levels after 4 weeks 
immersion (figure 3.4.8). Such enrichment is likely to occur as 
a result of chemical interactions between the ferric and 
ferrous ions released from the alloy and reactive species in 
the seawater. Large molecular weight dissolved marine organic 
molecules have high affinities for such ions and the ligands 
formed (if insoluble) would accumulate at the point of reaction 
(this point is dealt with in more detail in the discussion). 
Table 3.4.3 outlines the relative atomic percents of individual 
elements of the surface films investigated.
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Exposure SURFACE ANALYSIS AFTER MARINE EXPOSURE 
time
(hours) C 0 N Cul Cull Na Hg Cl S Si Ni Fe P
0.16 61 22 0.4 9.3 « • 9 1.2 0.9 3.2 0.3 •
0.50 55 25 0.7 11 9 0.7 * 1.6 1.0 2.0 0.8 • •
1.0 50 28 1.0 12 1.2 1.2 0.1 2.6 0.9 0.9 0.8 t 4
2.0 52 27 1.2 1.3 ■1.3 1.0 1.5 8.0 1.6 0.7 0.4 •- *
4.0 48 26 1.6 2.2 1.8 3.6 1.7 11 1.4 0.9 0.9 • •
6.0 52 28 2.0 1.9 3.3 0.6 1.5 5.9 1.9 0.6 0.6 *■ 9
336 38 44 4.8 0.8 6.1 t 0.5 0.5 0.1 1.6 0.9 0.3 . 8
672 46 41 7.0 0.7 1.9 « 0.2 - 0.1 1.6 0.1 0.3 0.1
3408 49 38 5.0 * 0.3 0.6 0.6 0.3 0.0 1.7 * 0.1 0.4
5280 47 37 6.0 0.7 2.3 1.7 0.8 2.6 t . • • •
Table 3.4.3. Elemental composition of films on Kunifer 10 after 
marine immersion as determined by XPS.
From the previous sections, it appears that dissolved 
marine organic material may influence the corrosion behaviour 
of the Kunifer 10 alloy and in this section the performance of 
the alloy in a natural marine environment has been reported 
from both corrosion and biofouling aspects. The following 
section of the results (section 3.5), is concerned with the 
effects of the extracted organic materials on the biofouling 
and corrosion performance of Kunifer 10 alloy when immersed in 
the sea at the exposure site (Itchenor Reach, Chichester).
Specimens pretreated with the various extracts (as 
outlined in the methods - see chapter two), were analysed using 
SEM/TEM and XPS after exposure periods ranging from 5 minutes 
to 14 months. The first part of section 3.5. reports on the 
preliminary trial carried out in October 1984, followed by a 
major study in the spring of 1985.
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3.5. MARINE EXPOSURE OF ORGANICALLY PRETREATED KUNIFER 10.
3.5.1. Preliminary investigation.
The first short marine exposure trial of organically 
pretreated Kunifer 10 was carried out in October 1984 and 
consisted of pretreating cleaned coupons with various dilutions 
of the June 1984 ultrafiltration extract (table 3.5.1), which 
were then immersed "wet" at Itchenor Reach (full procedure is 
outlined in chapter 2).
Table 3.5.1. pretreatment of Kunifer 10 - June 1984 extract.
Pretreatment carbohydrate protein Approximate seawater 
code (mg I”1) (pg 1 ) concentration
A 3.05 0.65 xlO
B 15.25 3.25 x50
C 30.50 6.50 xlOO
D reference - no pretreatment
Untreated Kunifer 10 and pretreated AISI 316 stainless steel 
coupons were also included in the experiment, results of the 
steel exposure are to be reported in detail elsewhere (Barrett, 
to be published).
3.5.1.1. Scanning electron microscopy.
The surfaces of the Kunifer 10 coupons after marine 
immersion for 1 week are depicted in plate 3.5.1 (a-d). A thick 
film had developed on treated coupons B and C (plate 3.5.1b and 
c respectively) and Kunifer 10 immersed in the least 
concentrated extract (A) exhibited a thin peeling film (plate 
3.5.1a), whilst the untreated coupons (D) appeared to show more 
particulate fouling (plate 3.5.Id). After 14 days (plate 
3.5.2a-d) both type A material and the reference coupons were
189
Plate 3.5.1. SEM micrographs of the surface of pretreated
Kunifer lOaf ter marine immersion for 1 week.
A) Micrograph showing a thin peeling film on the surface
of Kunifer 10 pretreated with type A extract.
B) Micrograph showing an irregular organic film on
pretreated Kunifer 10 type B.
C); Micrograph showing a thick organic film on pretreated
Kunifer 10 type c.
D) Micrograph showing particulate fouling on the untreated 
Kunifer 10 (type D).
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still free of any fouling organisms (plate 3.5.2a,b), whilst 
the Kunifer 10 pretreated with concentrated extracts (B and C), 
supported small numbers of bacteria (<5 cm"^) depicted in plate 
3.5.2c,d). After 5 weeks immersion microfouling was more 
evident (plate 3.5.2.e) especially on the untreated reference 
coupons. Pretreated Kunifer 10 appeared to support less 
microorganisms and was essentially free from diatom fouling 
(plate 3.5.2f). In contrast the steel surfaces had all become 
fouled, hydrozoans were present on all surfaces. It is 
interesting to note that there was a distinct variation in 
diatom communities fouling the steel coupons. Pretreated 
samples (type A) supported high numbers of Synedra spp., whilst 
the coupons pretreated in the more concentrated extracts (types 
B and C) had similar microfouling communities consisting of 
high populations of Cocconeis spp. and Amphora spp. The 
untreated steel had lower numbers of a wide range of diatoms 
including Cocconeis and Odontella spp.. The changes documented 
were not observed on coupons which were pretreated but not 
subject to marine exposure.
3.5.1.2. Analysis by X-ray photoelectron spectroscopy.
The XPS data for the immersed Kunifer 10 samples is 
presented in table 3.5.2. The low nitrogen levels after 1 week 
marine immersion suggested that the previously adsorbed organic 
matter may have desorbed or was masked by freshly adsorbed 
organic matter containing lower levels of nitrogen. Subsequent 
experiments using different organic extracts did not result in 
such low nitrogen levels (see major study). It is suggested 
that the particular extract used for this immersion experiment 
contained very low levels of adsorbing organic nitrogen. It is
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Plate 3.5.2. SEM micrographs of the surface of pretreated 
Kunifer 10 after marine immersion .
/>
A) Micrograph of the surface of pretreated type A coupon
after 2 weeks marine immersion, note the particulate 
fouling but no microorganisms.
B) Micrograph of the surface of control coupon type D
after 2 weeks marine immersion, again the surface 
although fouled with particulate matter was devoid of 
microorganisms.
C) Micrograph of the surface of a pretreated type B
coupon after 2 weeks marine immersion, note the smooth
outer film and contaminating bacteria (b).
D) Micrograph of the surface of a pretreated type C
coupon after 2 weeks marine immersion, note uneven 
outer film and contaminating rod-shaped bacteria (b).
E) Micrograph of the surface of untreated reference coupon
after 5 weeks marine immersion, note the loose fouling 
material, bacterial filaments (arrowed) and diatoms (d)
F) Micrograph of the surface of a pretreated type c coupon
after 5 weeks marine immersion, showing little (if any)
microbioal fouling.
scale bar = 2 jim.
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interesting to note that traces of sulphur were found in the 
outer films along with high levels of chlorine (11%) on both 
pretreated and reference coupons. After 2 weeks immersion, the 
majority of the copper present in the outermost film, was 
present in the cupric form. Very little chlorine was detected 
and there appeared to be slight iron and nickel enrichments on 
the surface of both pretreated and reference materials. 
Nitrogen levels had only slightly increased. From the SEM data 
it was clear that by 5 weeks microfouling communities were 
developing on the control Kunifer 10. This is reflected in the 
elevated nitrogen levels (approximately an 8 fold increase), it 
is however surprising that the least fouled surfaces 
(organically pretreated Kunifer 10), had the highest nitrogen 
containing surface films, possibly due to further adsorption of 
nitrogen containing organic molecules. Both reference material 
and pretreated coupons (type A) had surface films rich in 
sodium, magnesium and chlorine, whilst the pretreated coupons 
(type B and c) had surface films containing high levels of 
chlorine stoichiometrically unbalanced to the magnesium and 
sodium (see table 3.5.2). X-ray diffractometry identified the 
excess chlorine as the copper chlorine complex C u d  (table 
3.5.3).
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Table 3.5.2. Surface composition of Kunifer 10 after marine immersion - 
XPS analysis using Aluminium ka radiation.
Element 1 week 2 weeks 5 weeks
A B C D A B C D A B C D
C 38.6 41.0 62.2 47.0 48.2 51.4 51.5 58.1 47. 5 46. 5 44.9 51. 3
0 . 34.3 33.6 21.5 28.6 44.8 40. 6 41.7 36.2 33.2 34.6 36.8 34. 3
N 0.6 0.7 1.2 0.3 0.8 1.7 1.9 0.3 4.9 3.0 3.9 2.5
Cul 0.4 0.9 0.5 1.6 - 0.1 0.1 0.1 0.7 0.2 0.5 0.6
Cull 9.6 9.0 4.7 5.4 1.7 2.4 2.2 3.2 3.9 5.6 4.2 5.1
Na 2.6 2.5 0.6 3.0 1.3 1.2 1.0 1.0 2.8 2.2 1.6 1.3
Mg 1.9 1.3 0.9 1.7 - - - - 1.0 1.0 0.7 1.0
Cl 11.6 10.0 7.6 11.4 0.2 0.1 - - 5.3 6.5 5.3 3.9
Ni - 0.2 - 0.5 0.3 0.9 0.4 0.7 - 0.4 0.1 -
S 0.4 0.8
00o 0.5 0.1 - - r - - - - -
Si - - - - - - - 0.3 0.7 - 2.0 -
Fe - - - - 2.6 1.6 1.2 0.1 - - - -
Stoichiometric ratio 
2Mg+Na
------  0.55 0.51 0.32 0.56 - 0.91 0.65 0.56 0.8
Cl
Table 3.5.3. X-ray diffractometry data. 
X-ray diffraction lines ('d' values).
3.04
2.47
1.49
Material deduced CuCl - (ASTM ref no. 6-0344).
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3.5.2. MAJOR INVESTIGATION - MARINE EXPOSURE OF ORGANICALLY
PRETREATED KUNIFER 10 ALLOY.
The main organic pretreatment experiment was carried out 
from May 1985 to May 1986 and comprised organically pretreated 
samples of Kunifer 10 with the February 1985 ultrafiltration 
extract (table 3.5.4).
Table 3.5.4. Pretreatment of Kunifer 10 before marine immersion.
pretreatment code pretreatment*
A Control - no pretreatment.
B 0.22 pm filtered seawater.
C Extract 02/85,1.83 mg 1"* carbohydrate, 1.46 pg 1"^ - protein.
D Extract 02/85, 18.3mg I-1 carbohydrate, 14.6 pg l”1 protein.
* procedure detailed in chapter 2.
Samples were retrieved after marine exposure at intervals 
of 5, 10, 20, 40, 80, 160, 320, 640, 1280 minutes and then at 
24 hour intervals for the first 5 days followed by 7, 13, 18, 
25, 46, 105, 287 days and 14 months. The results are presented 
in the form of SEM, TEM (and microprobe), visual observations 
and EDXA, XPS and X-ray diffraction analyses. For ease of 
comprehension, the data has been presented in tabular form. 
Temperature, pH and oxygen levels recorded at the time of 
retrieval are displayed in table 3.5.5.
Table 3.5.5. Environmental data - Marine immersion trial.
time 0 lhour 2 3.25 6.5 24 5days 13 18 25
temp. 15 15 14.8 15 14.1 15 16 16 16 16
PH 8.2 8.2 8.2 8.2 8.2 8.1 8.0 8.1 8.1 8.3
oxygen 2.1 4.1 4.5 4.3 4.5 4.0 4.5 4.0 2.0 3.2
Temperature in degrees C , oxygen ([dissolved) in mg 1-1#
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Table 3.5.6. Scanning electron microscopy results.
Treatment of Kunifer 10
time B
72 hours
Smooth outerfilm small 
particulates and a few 
filamentous bacteria 
(plate 3.5.3.a) .
1 week
Particulate and fib­
rous materials were 
visible but no bacter­
ia, probably hidden 
amongst the fouling 
debris.
Thinner outerfilm cov­
ered an underlying ox­
ide/corrosion product 
layer. Partial slough­
ing observed (plate 3. 
5.3.b).
All type "B" coupons 
were lost due to 
vandalism or collision 
with a boat.
13 days
Hod-shaped bacteria were 
present, attached to the 
smooth outer-film by thick 
mucilaginous secretions 
(plate 3.5.4a). Small 
pennate diatoms detected.
25 days
Diatoms had become the 
most prolific microorg­
anisms. Type "A" coupons 
were almost exclusively 
colonised by Amphora spp. 
(plate 3.5.5a,b).
A thick organic film covered a thin underlayer 
of corrosion products (plate 3.5.3.C and d 
respectively. Bacteria absent on type "D" 
coupons. Both "C" and "D" coupons heavily 
fouled with microparticulates.
Thick surface films had become thicker but 
particulate fouling was less than on type 
"A" coupons. A few bacteria were detected 
on both "C" and "D" coupons but no diatoms, 
(up to 38 bacteria per sq.cm ).
Lower numbers of bacteria were detected on 
type "c" and "D" coupons (morphologically 
similar to those on "A" coupons. Particul­
ates and mucous strands were visible 
(plate 3.5.4b-f). 
pennate diatoms absent.
pretreated coupons supported about 3 times 
less diatoms but had become colonised by 
stalked protozoa (Suctorians). The highest 
numbers of these sessile forms were seen on 
type "D" coupons (plate 3.5.5c,d). EDX 
analysis indicated a surface enrichment of 
chlorine and iron in the area fouled by the 
protozoa as compared with uncolonised regions 
(figure 3.5.1 trace A and B respectively).
Bacteria were present on all surfaces after 25 days immersion but because of the increased 
surface fouling by other microoganisms and particulate matter (plate 3.5.5), the recorded 
counts may not truly reflect the actual numbers present. Table 3.5.5 outlines the micro­
fouling levels up to 25 days exposure. Counts are based on 1000 microscope fields per 
specimen. The presented figures are intended as a guide to show the differences between 
pretreated and untreated Kunifer 10 upon marine immersion. Further enumeration of bacteria 
diatoms and other organisms was discontinued after 25 days because of increased surface 
heterogeneities and the extremely high numbers of organisms present,particularly the diatoms.
WA
j
Mg Si P S Cl Ca Fe„ Ni
Figure 3.5.1. EDXA of Kunifer 10 surface after 25 days marine 
immersion, a) region fouled by protozoa, b) uncolonised region.
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Plate 3.5.3. SEM micrographs of the surface of pretreated
Kunifer 10 after 72 hours marine immersion.
A) Micrograph of the control (untreated) coupon, note the 
smooth appearance of the outerfilm and the few 
filamentous bacteria (arrowed).
B) Micrograph of the surface of pretreated Kunifer 10 type 
B, note the thin partially sloughed outerfilm (f) and 
the underlying oxide.
C) Micrograph of the surface film (f) on type c Kunifer
10, note the absence of microorganisms but the loose 
particulate fouling.
D) Micrograph of the surface film (f) on type D Kunifer
10, note the heavy particulate fouling.
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Plate 3.5.4. SEM micrographs of the surface of pretreated
Kunifer 10 after 13 days marine immersion.
A) Micrograph showing rod-shaped bacteria (b) on control
Kunifer 10.
B) Micrograph showing mucous strands (arrowed) on a 
pretreated coupon type c.
C) Micrograph of the surface of a type D coupon showing
particulate fouling, note the filamentous structures 
(arrowed), possibly of bacterial origin.
D) Micrograph of the surface of a type D coupon showing
particulate and filamentous fouling structures.
E) Micrograph showing rod-shaped bacteria (b) on type c
Kunifer 10.
F) Micrograph showing a region of the surface of a type D 
coupon fouled by particulate materials but not by the 
filamentous structures reported in plate 3.5.4d.
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Plate 3.5.5. SEM micrographs of the surface of pretreated
Kunifer 10 after 25 days marine immersion .
A) Micrograph of the surface of control Kunifer 10 showing
diatom (d) and many filamentous bacteria (arrowed).
B) Micrograph of the surface of control Kunifer 10 showing
a region densely populated with the diatom Amphora sp.
C) Micrograph showing stalked protozoa (Suctorian) on the
surface of type D Kunifer 10.
D) Micrograph showing stalked protozoa (Suctorian) on the
surface of .type C Kunifer 10, note attachment point
(arrowed).
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Table 3.5.7. Microfouling of Kunifer 10 upon marine immersion.
Organism
(cm-2)
Exposure time 
(days) A
Kunifer 10 
C D
Bacteria 3 18 10 _
7 17 34 43
13 255 85 51
25 782 384 165
Diatoms 13 60 _ _
25 3160 950 903
Protozoa 25 - 29 107
Table 3.5.8. Visual observations.
For the first 3 months all the Kunifer 10 coupons appeared (to the naked eye) to be free from 
biofouling (plate 3.5.6a,b)> as compared with the AISI 316 stainless steel, plastic nuts and bolts 
and the wooden supporting panels, which all become colonised by macrofouling organisms, mainly 
green algae (Enteromorpha sp., Ulva lactuca), blue green algae and Jassa formations.
Exposure 
time A
Kunifer 10 (code)
Appeared clean and free of mac- 
fouling organisms. Alloy surface 
had a golden-yellow colouration. 
No colonial Jassa. Upon drying, 
the yellow film detached leaving 
a bright metallic substrate.
A diatomaceous slime film 
gave the alloy a dull brown 
colour. Upon drying exfoli­
ation occurred, revealing 
a bright metallic surface, 
later found (by XPS) to be 
rich in cuprous chloride.
months
Fouled by macroalgae (Entero­
morpha sp.), Jassa colonies 
(and accumulated silt and 
debris accounted for about 
30% surface coverage, the 
rest was blanketed by a thi­
ck dark brown diatom-rich 
biofilm. Less than 5% of the 
metal surface was visible.
Upon drying the majority of 
the biofilm detached leaving 
a bright metallic substrate.
The sloughing (exfoliation) that occurred upon drying of the Kunifer 10 suggests that the 
majority of fouling and corrosion films that form on this alloy upon marine immersion are 
only loosely adherent.
6 months
Appeared similar to 4 month 
material. Same organisms 
present, indicating little 
change (if any).
41 weeks (plate 3.5.7).
All type "A" coupons had 
lost their fouling/corros­
ion product films due to 
natural exfoliation, (plate 
3.5.6).SEM indicated that 
recolonisation was occurring 
as bacteria and diatoms were 
visible amongst the partic­
ulate fouling (plate 3.5.8a,b
14 months (plate 3.5.7b).
Although visibly clean after 
41 weeks, further immersion 
led to sucessful colonsation 
by barnacles and Jassa.
Surfaces were virtually free of 
macrofouling, a thin gold/yellow 
film was visible (plate 3.5.6c)
Type "C" coupons had become part­
ially fouled by Jassa with the 
remaining surfaces covered by a 
thick diatom slime. SEM indicated 
that the major fouling organisms 
were the diatoms Amphora spp. and 
Odontella sp.(plate 3.5.8c,d) 
respect ively.
) .
Type "c" coupons had also become 
colonsied by barnacles, however 
the previously colonising Jassa 
had been lost.
A thick dark brown diatom­
aceous biofilm covered the 
coupons (plate 3.5.6d).
Fouling on type "D" coupons 
consisted of a dense lawn 
of diatoms. The film was 
approximately 2 mm thick 
(wet) and consisted of mass 
populations of Amphora, 
mucilage and silt deposits 
(plate 3.5.8e,f).
All type "D" coupons were 
now fouled with a thick 
layer of Jassa, associated 
silt, debris and a few 
barnacles.
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Plate 3.5.6. Visual observations of the pretreated Kunifer
10 alloy after marine immersion.
A) Test coupons on the supporting wooden panel after 3 
months marine immersion, note the heavy algal fouling 
on the supporting panel whilst the test coupons 
appeared clean.
B) Test coupons of pretreated Kunifer 10 (K) alongside
pretreated AISI stainless steel (S) after 3 months 
marine immersion, note the fouling on the steel, mainly 
Jassa infestations.
C) Pretreated test coupons (type c) after 6 months marine
immersion, still virtually free of macrofouling and
exhibiting a bright golden/yellow film.
D) Pretreated test coupons (type D) after 6 months marine
immersion, note the thick dark brown diatomaceous
biofilm.
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Plate 3*5.7. Pretreated Kunifer 10 coupons retrieved after 
marine imersion.
A) Samples recovered after 41 weeks, note that type A 
Kunifer 10 (untreated control) appeared clean and 
organism-free, type C showed small Jassa fouled 
regions, (j) and type D had an almost entire 
diatomaceous turf (dt). AISI 316 stainless steel 
pretreated alongside the Kunifer 10 was considerably 
more fouled, but the heaviest fouling was on the steel 
control ( A).
B) Samples recovered after 14 months marine immersion, 
control material (A) had now become heavily fouled with 
Jassa, pretreated Kunifer 10 type C was now colonised 
by barnacles (b) with Jassa virtually absent and type D 
material was fouled with Jassa, barnacles and 
associated debris.
202

Plate 3.5.8. SEM micrographs of the surface of pretreated
Kunifer 10 after 41 weeks marine immersion .
A) Micrograph showing the surface of control coupon, note 
bacteria (b) and particulate materials.
B) Micrograph showing a diatom settled on the surface of
untreated alloy after 41 weeks immersion.
C) Micrograph showing Amphora cells on the surface of
pretreated type c alloy.
D) Micrograph showing Odontella cells on the surface of
pretreated type c alloy.
E) Micrograph showing Amphora cells on the surface of
pretreated type D alloy.
F) SEM showing the surface of the pretreated alloy type D
after 41 weeks immersion.
203

3.5.2.1. Transmission electron microscopy
Samples for TEM were prepared and analysed as outlined in 
chapter 2. Biofilm material was examined from Kunifer 10 
coupons immersed in the sea for 41 weeks and although the 
development of the fouling films and corrosion layers has been 
categorised in the SEM and visual sections, the TEM study 
clearly showed the presence of microorganisms, (mainly bacteria 
and diatoms) at the base of the fouling film on both untreated 
and pretreated Kunifer 10.
Bacteria were present adjacent to layered corrosion 
products (plate 3.5.9a), analysis of the electron dense 
corrosion materials by EDXA indicated enrichment of iron, 
silicon and aluminium (figure 3.5.2, trace a). Diatoms were 
also recorded, the most commonly occurring were various species 
of Amphora, these were generally surrounded by bacteria and 
inorganic debris (plate 3.5.9b), analysis by EDXA indicated 
the presence of aluminium, silicon, potassium, iron, magnesium 
and some chlorine (figure 3.5.2, trace b).
Prostrate ectocarpoid filaments also appeared to be 
considerably widespread in these biofilms, plate 3.5.9d shows a 
typical fouling film consisting of diatoms, bacteria, 
ectocarpoid cells and inorganic detritus bound together by 
mucilaginous material. Analysis of the latter secretions 
revealed the presence of localised high sulphur and iron levels 
at the base of these fouling films (figure 3.5.2, trace c) .
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Plate 3.5.9. TEM sections through bio/corrosion films on 
Kunifer 10 after 41 weeks marine immersion.
A Bacteria (b) adjacent to layered corrosion products 
(cp), note nuclear material of individual bacteria 
(darkly stained regions), x 28,400.
B) Section through slime film composed of diatoms,
surrounded by.clay mineral deposits (cm), bacteria (b), 
and membrane bound bacteria (arrowed), x 6,100
C) Section through a region of slime film rich in clay
mineral deposits (cm) and corrosion products (cp). 
x3,800.
D) Stained TEM section showing diatoms (d), bacteria (b)
and algal cells (ac) present at the base of the slime 
film, note the membrane bound region (arrowed). x3,600.
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Mn
Mg Si
Figure 3.5.2. EDXA spectra of portions of biofilm from Kunifer 
10 immersed in the sea for 14 months.
a) electron dense corrosion materials.
b) clay-mineral deposits.
c) mucilage secretions.
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3.5.2.2. XPS and EDXA of organically pretreated Kunifer 10 
immersed in the sea.
Comparative spectra for pretreated and control Kunifer 10 
surfaces before marine immersion can be seen in figure 3.5.3a. 
Note the intense x-ray peaks at approximately 287 eV , 400 eV 
and 530 eV representing carbon, nitrogen and oxygen 
respectively, copper photoelectron and Auger peaks were absent, 
indicating the presence of a thick organic overlayer. Untreated 
Kunifer 10 (type A) was also analysed (figure 3.5.3b). This 
material showed strong photoelectron and Auger peaks for copper 
and in comparison to the pretreated Kunifer 10, limited 
excitation for carbon and oxygen. Nitrogen levels were below 
the detection sensitivity of the spectrometer. EDX analysis of 
the pretreated Kunifer 10 also indicated the presence of an 
outerlayer that attenuated the metallic x-ray signal (table 
3.5.9). The coupons pretreated with the most concentrated 
extract (type D) appeared to have the thickest outerfilms. XPS 
analysis of these organic films before marine immersion 
indicated that their composition was similar to those films 
identified on Kunifer 10 immersed in the sea. Curve fitting of 
the recorded carbon and nitrogen Is photoelectron peaks 
revealed similar "fingerprints" to material immersed in the sea 
for 14 days. The carbon spectra showed the typical structure of 
high and low binding energy components. The predominant portion 
consisted of material with binding energies of approximately 
288 eV corresponding to organic materials with mostly C-0 type 
bonds.
It is interesting to note that from the existing knowledge 
of dissolved organic molecules it would have been expected that 
the main portion of the carbon would exhibit binding energies
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Figure 3.5.3. Comparative XPS spectra for pretreated and control 
Kunifer 10 surfaces before marine immersion.
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of approximately 284 eV, corresponding to C-H and C-C bonds, as 
these are the fundamental bonds of the majority of organic 
molecules. For instance the sugars are mainly composed of 
repeating units of glucose monomers linked together in various 
combinations to form polysaccharides and proteins are composed 
of various amino acids linked via peptide bonds to produce 
larger compounds. In both types of molecules, the most common 
chemical bonds would be between individual carbon atoms and 
between carbon and hydrogen atoms, resulting in a 284 eV 
photoelectron peak for carbon Is (Al k«). As the dissolved 
organic materials isolated from the seawater by ultrafiltration 
are mainly composed of sugars and proteinaceous materials, it 
is fascinating that the higher binding energy portion is 
predominant. It is suggested that the nature of the adsorbing 
species and their orientation on the surface of the alloy 
(hydrophobicity etc.), results in the higher than expected 
binding energies. This point is considered in detail in the 
final discussion.
Table 3.5.9. EDXA peak intensities of Kunifer 10 before marine 
immersion.
Kunifer 10 Relative peak intensity
sample code Cu Ni Fe
A
C
D
81
67
52
18
15
8
3
1
0
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3.5.2.3. X-ray photoelectron spectroscopy and energy dispersive 
x-ray analysis results.
The results for the short immersion times of Kunifer 10 
coupons after various periods of immersion are shown in table
3.5.10. Control surfaces (type "A" coupons) rapidly accumulated 
nitrogenous materials, the analysed surfaces appeared to 
consist of carbon, oxygen and nitrogen only. Type "B" coupons 
(pretreated in 0.22pm filtered seawater) rapidly acquired a 
thick nitrogen containing organic film, levels of nitrogen 
increased from 3.73% after 5 minutes marine immersion to 10.5% 
after 10 minutes immersion. The carbon peaks of both type "A" 
and "B" coupons showed characteristic broadening upon 
immersion. Type "C" and "D" coupons (table 3.5.10.) exhibited a 
period of organic nitrogen desorption upon the first 5 minutes 
of marine immersion. Prolonged immersion indicated that this 
desorption period was short lived and after 10 minutes nitrogen 
levels were as high as 11%. Again the surface analysis 
indicated that the outermost components of the films comprised 
carbon, oxygen and nitrogen with no detectable inorganic 
signal.
After 80 minutes marine immersion the Kunifer 10 coupons 
had developed films with inorganic constituents, these were 
mainly copper (I and II) corrosion reaction products. 
Stoichiometric calculations (table 3.5.10) relating the ratios 
of sodium and magnesium to chlorine (2Mg+Na/Cl) indicated that 
there was an excess of chlorine on the surfaces of the coupons. 
Note that as all the coupons were rinsed in milliQ water to 
remove any loosely bound sea-salts, it is likely that any 
chlorine that was present existed as copper corrosion products. 
Both copper (I) and (II) materials were identified in the
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Table 3.5.10.
U n t r e a te d  K u n i f e r  10 (c o d e  A)
A to m ic  p e r c e n t  o f  e le m e n ts  d e te c te d  v e rs u s m a r in e im m e rs io n t im e  ( m in u te s ) .
0 5 10 20 40 80 160 320 640 1280
C arbon 6 0 .4 1 5 6 .9 1 6 5 .7 2 6 1 .0 9 6 4 .4 9 6 2 .8 0 6 3 .6 6 5 9 .8 6 4 0 .6 9 5 4 .8 5
Oxygen 2 2 .8 2 3 8 .0 1 2 2 .5 9 2 8 .4 7 2 5 .8 6 2 6 .7 1 2 5 .0 2 2 8 .3 4 3 5 .6 0 3 1 -3 8
N it r o g e n 0 .6 0 5 .0 8 1 1 .7 0 1 0 .4 4 9 .6 5 5 .3 1 1 0 .2 1 1 0 .4 3 2 .5 8 9 .4 3
C up ro u s  ( I ) 1 5 .8 0 - - - - 0 .8 8 0 .3 1 0 .2 3 0 .8 8 1 .4 5
C u p r ic  ( I I ) - - - - - 3 .1 1 - - 8 .4 8 1 .9 6
S od ium - - - - - - 0 .0 8 0 .0 9 0 .5 8 0 .3 9
M agnesium - - - - - - - - 1 .1 9 -
C h lo r in e - - - - - 1 .1 3 0 .6 9 1 .0 6 8 .7 5 0 .2 9
N ic k e l 0 .3 7 -  . - - - 0 .0 6 0 .0 2 - - 0 .2 5
C a lc iu m - - - - - - - - 1 .2 5 -
2M g+ N a/C l 0 .3 4 1 .3 4
K u n i f e r  10 p r e t r e a t e d  i n  s e a w a te r  (c o d e  B ) 
A to m ic  p e r c e n t  o f  e le m e n ts  d e te c te d  v e rs u s m a r in e im m e rs io n t im e  ( m in u te s ) .
0 5 10 20 40 80 160 320 640 1280
C arbon 6 3 .3 1 5 9 .4 8 6 3 .2 6 6 4 .5 3 6 2 .1 6 5 5 .4 1 5 3 .9 2 5 9 .6 7 3 9 .4 3 5 5 .1 2
Oxygen 2 3 .2 0 3 6 .7 9 2 6 .2 4 2 4 .2 2 2 8 .7 1 3 0 .2 1 2 8 .3 6 2 6 .9 2 3 0 .9 9 3 0 .0 5
N it r o g e n 1 3 .4 8 3 .7 3 1 0 .5 0 1 1 .2 4 9 .1 3 7 .2 4 7 .4 8 9 .6 7 3 .8 3 7 .5 5
C up ro u s  ( I ) - - - - - 1 .2 7 1 .6 0 0 .1 0 0 .4 3 1 .1 0
C u p r ic  ( I I ) - - - - - 2 .0 3 2 .3 5 1 .2 2 6 .9 5 2 .2 2
S od ium - - - - - 0 .5 1 0 .7 5 0 .1 6 8 .4 3 1 .8 6
M agnesium - - - - - 0 .8 0 0 .3 3 0 .0 7 1 .2 4 -
C h lo r in e - - - - - 2 .4 7 5 .1 6 2 .1 8 7 .3 0 1 .7 8
N ic k e l - - - - 0 .0 6 0 .0 5 - - 0 .3 2
C a lc iu m - - - - - - - - 1 .3 9 -
2M g+ N a/C l 0 .8 5 * 0 .2 7 0 .1 4 1 .4 9 1 .0
continued.
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Table 3.5.10. continued.
Kunifer 10 pretreated in solution containing dissolved organic material X10 seawater concentration (code C). 
Atomic percent of elements detected versus marine immersion time (minutes).
0 5 10 20 40 80 160 320 640 1280
Carbon 6*1.74 57.89 62.48 61.99 57.34 55.89 54.13 62.41 45.94 5 6 .07
Oxygen 24.03 37.11 26.91 28.07 30.21 2 8 .32 28.29 26.12 30.64 31 .08
Nitrogen 11.23 5 .0 0 10.61 9 .9 5 7 .2 9 9 .3 8 8 .0 0 9.81 4.41 7 .2 4
Cuprous (I) - - - - - 0 .2 3 0 .5 8 0 .0 5 1 .60 0 .3 7
Cupric (II) - - - - - 1 .88 2 .3 2 0 .5 7 5 .5 4 2 .5 4
Sodium - - - - - 0 .5 5 0 .97 - 1 .32 0 .8 7
Magnesium - - - - - 0 .8 0 0 .2 0 - 0 .4 6 -
Chlorine - - - - - 2 .5 2 5.51 1.04 8 .7 0 1 .10
Nickel - - - - - 0 .4 3 - - - -
Calcium - - - - - - - - 1 .39 0 .7 3
2Mg+Na/Cl 0.21 0 .1 7 - 0 .1 5 0 .7 9
Kunifer 10 pretreated in solution containing dissolved organic material X100 seawater concentration (code D). 
Atomic percent of elements detected versus marine immersion time (minutes).
0 5 10 20 40 80 160 320 640 1280
Carbon 6 2 .92 5 6 .28 64.54 63.19 61.66 56.46 57.87 6 2 .16 4 6 .3 2 4 3 .20
Oxygen 23.36 39.05 24.37 26.84 28.78 2 3 .86 29.41 27-05 32.91 3 4 .96
N itro g e n 13.72 4.67 11.10 9 .9 7 9 -55 6 .95 7 .5 3 10.26 2 .3 4 3 .5 3
Cuprous ( I ) - - - - - 7 .51 0 .94 - 0 .6 3 3 .5 8
C up ric  ( I I ) - - - - - 4 .29 1.82 - 6 .5 7 9 .2 6
Iro n - - - - - - - - - 0 .3 9
Sodium - - - - - - 0 .17 0 .31 0 .3 0 1 .2 6
Magnesium - - - - - - - - 1 .78 -
C h lo r in e - - - - - 0 .9 3 1.97 0 .2 2 6 .8 9 2 .9 4
N ic k e l - - - - - - 0 .2 8 - - 0 .8 7
C alcium - - - - - - - - 2 .2 6 -
2Mg+Na/Cl 0 .08 1.40 0 .0 4 0 .4 2
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outerfilms after this brief immersion period on all the coupons 
investigated (A-D), upon further immersion, the cupric form 
became the major metallic component (figure 3.5.4).
Cu2p 2 (AIk q )
985980955945 950940935930920 925
Binding Energy Ce/J 
Figure 3.5.4. XPS narrow scan showing the copper 2p (3/2)
photoelectron peak.
The XPS data for coupons removed at intervals between 1 
day and 287 days is presented in table 3.5.11. Unfortunately as 
mentioned previously (SEM results) all the type "B" coupons 
were lost either as a result of vandalism or possibly by 
collision with a boat. Thus the data for. the type "B" coupons 
only covers the first 3 days of immersion as presented in table
3.5.11. and 3.5.12.
The XPS analyses indicated that all coupons (A-D) 
possessed outerfilms of mainly organic materials especially for 
the first 25 days of marine immersion (table 3.5.11). Figure 
3.5.5. shows the EDX analysis of coupons retrieved after 7 days 
immersion. The bulk films on pretreated and untreated Kunifer 
10 coupons were enriched with iron and traces of chlorine, 
sulphur, phosphorus and silicon were detected.
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Table 3.5.11.
U ntrea ted  K u n ife r  10 (code A ) .
A tom ic p e rc e n t o f  e lem ents  d e te c te d  v e rsu s  m a rin e  im m ers ion  t im e  (d a y s ) .
1 2 3 4 5 7 13 18 25 46 105 287
Carbon 78.94 66.22 67.65 69.13 63.41 64.03 6 3 .8 2 63.63 5 6 .03 6 4 .46 5 4 .66 44.66
Oxygen 14.36 22 .8 2 2 2 .42 2 5 .4 2 22 .99 2 3 .90 2 3 .9 2 2 4 .69 35.08 2 5 .13 3 6 .45 40.83
Nitrogen 6 .70 10.96 9 .94 5 .4 5 13.60 12.07 12.26 11.68 8 .8 9 9 .8 4 8 .4 8 8 .7 3
Cuprous - - - - - - - - - - 0 .0 9 0 .7 4
Cupric - - - - - - - - -  . 2 .0 2
Iron - - - - - - - - - 0 .0 9 -
Sodium - - - - - - - - - - 0 .1 0 0 .7 2
Magnesium - - - - - - - - - 0 .0 7 0 .1 3 -
Chlorine - - - - - - - - - 0 .1 0 - 0 .1 8
Nickel - - - - - - - - - - 0 .1 3
Silicon - - - - - - - - - - 0 .9 5
Phosphorus - _ _ - - - - _ _ - 0 .5 3
K u n ife r  10 p re t re a te d  in  seaw a te r (code B ) .
A tom ic p e rc e n t o f  e lem en ts  d e te c te d  v e rsu s  m arine  im m ers ion  tim e  (d a y s ) , 
1 2 3
Carbon 65.11 6 4 .60  62.65
Oxygen 23.89  2 4 .04  26.17
N itro g e n  11.00  11.36 11.08
continued.
Table 3.5.11. continued.
Kunifer 10 pretreated in organic extract X10 seawater concentration (code C). 
Atomic percent of elements detected versus marine immersion time (days).
1 2 3 4 5 7 13 18 25 46 105 287
Carbon 75.11 62.37 64.36 63.17 62.39 62.54 63.48 60.36 54.01 74.79 71.54 41.47
Oxygen 11.85 23.45 24.54 26.02 24.14 25.14 24.92 28.09 36.19 15.26 20.53 43.56
Nitrogen 13.04 13.29 11.10 10.82 13.47 12.32 11.60 11.51 9 .7 9 8 .39 7 .6 4 5 .8 9
Cuprous - - - - - - - - - 0 .8 5 0 .2 9 0 .5 7
Cupric - - - - - - - - - - - 0 .6 0
Iron - - - - - - - - - 0 .2 3 - 0 .3 5
Sodium - - - - - - - - - 0 .1 3 - 1 .63
Magnesium - - - - - - - - - 0 .0 9 - 0 .84
Chlorine - - - - - - - - - 0 .2 4 - 1 .02
Nickel - - - - - - - - - 0 .0 3 - -
Silicon - - - - - - - - - - - 3 .15
Phosphorus
2Mg+Na/Cl
- - - - - - - - -
1 .29
- 0 .2 4
3-24
Kunifer 10 pretreated in solution containing dissolved organic material X100 seawater concentration (code D). 
Atomic percent of elements detected versus marine immersion time (days).
1 2 3 4 5 7 13 18 25 46 105 287
Carbon 78.65 61.38 58.74 61.20 65.29 62.83 66.89 60.06 55.05 5 6 .33 7 3 .59 40 .67
Oxygen 14.39 2 6 .02 31.82 2 8 .78 23.71 2 5 .48 23.13 2 8 .32 34.83 32.11 16.02 41.85
N itro g e n 6.96 •12.60 9 .4 4 10.02 11.00 11.69 9 .9 8 11.61 10.13 4 .7 8 9 .3 7 7 .2 7
Cuprous - - - - - - - - - 3 .2 2 0 .6 8 0 .7 7
C up ric - - - - - - - - - - - 1 .62
Iro n - - - - - - - - - 2 .3 2 0 .1 5 0 .5 8
Sodium - - - - - - - - - - - 1 .53
Magnesium - - - - - - - - 0 .2 0 0 .19 0 .5 5
C h lo r in e - - - - - - - - - 1.04 - 0 .7 5
N ic k e l - - - - - - - - - - - 0 .5 0
S i l ic o n - - - - - - - - - - - 2 .9 5
Phosphorus
2Mg+Na/Cl
- - - - - - - - - - - 0 .5 0
3 .5 0
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Figure 3.5.5. EDX analysis of Kunifer 10 after 7 days marine
immersion. Trace A = control, C and D = 
pretreated coupons (see table 3.5.1).
By 13 days the levels of these minor constituents had 
increased. Table 3.5.12. shows the copper:nickel, copperriron 
and copper:chlorine ratios of the films after 13 and 25 days 
marine immersion. As surface analysis of 13 and 25 day material 
showed only carbon, oxygen and nitrogen, the inorganic 
constituents identified by EDX analysis must have been present 
at depths exceeding the analysis depth of the spectrometer (XPS 
analysis depth approximatley 0.5-1.0nm). Argon ion etching of 
material exposed for 18 days (table 3.5.13) indicated that 
below the outer film of adsorbed organic molecules, a naturally 
occuring iron-rich film had developed.
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Table 3.5.12. EDXA of Kunifer 10 coupons after marine immersion.
Sample Days of marine immersion
code 13 25
COPPER : NICKEL
A 1.4 1.5
C 1.6 1.8
D 1.8 2.2
COPPER : IRON
A 0.9 1.1
C 1.0 1.5
D 1.1 2.5
COPPER : CHLORINE
A 3.6 3.6
C 3.0 1.1
D • 2.8 5.4
The surface films on 46 day exposed Kunifer 10 coupons 
were subjected to detailed XPS analysis using argon ion etch 
techniques. Results are presented as film depth profiles 
(figure 3.5.6) and show the outer films to be rich in organic 
materials (C,N and 0). Sequential analysis after each etch 
period (ranging from 30 seconds to 60 minutes) indicated that 
removal of the outer films on pretreated and control Kunifer 10 
by argon ion etching, revealed a film composed of iron, copper, 
nickel (generally more iron than copper, more copper than 
nickel), organic matter and traces of magnesium, sodium and 
chlorine. From the etch profiles it was noted that nitrogenous 
materials were present throughout the entire fouling layers 
analysed and the m a x i m u m  iron levels appeared to be 
approximately 3 8 nm from the surface on type "D" coupons 
approximately 75 nm from the surface on control (type "A") and 
type "C" coupons. These figures are based on etch rates of 1.20 
nm per minute and are for dry film depths.
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Table 3.5.13. XPS etch profile data for Kunifer 10 after 18
days marine immersion.
etch time 0 15 sec 30 sec
Carbon 63.61 65.60 59.40
Oxygen 24.58 17.44 24.54
Nitrogen 11.61 10.03 5.82
Cuprous ■ - 3.34 3.90
iron - 3.60 6.34
Nickel levels were maximum after 30 minutes argon etch 
(approximately 38 nm) on both pretreated coupons type "C" and 
"D", the control surface had maximum nickel levels after 60 
minutes argon etch.
Some specimens retrieved after 46 days were stripped of 
the outerlayers with adhesive tape, XPS analysis of the 
detached films is shown in table 3.5.14. The high levels of 
carbon may be accounted for by the additional signal from the 
tape itself plus the inevitable atmospheric contamination 
during the stripping procedure. The results suggest that the 
outerfilms gave way (artificial sloughing), at a region which 
contained quantities of nickel and chlorine, with lesser 
amounts of iron, copper and organic molecules.
A combination of argon ion etching and stripping with 
adhesive tape was employed to investigate the fouling films on 
Kunifer 10 coupons retrieved after 105 days marine immersion.
Thick fouling films were present on type "A" and "D" 
coupons, type "c" coupons appeared clean with a golden-yellow 
surface. Table 3.5.15. outlines the film compositions as 
determined by XPS. The thick films on control and pretreated 
type "D" coupons contained only small amounts of copper, nickel 
and iron, the major components being organic materials.
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In contrast, the films on type "c" coupons were rich in iron, 
copper and nickel. Magnesium was also identified in significant 
quantities towards the inner layer (table 3.5.15).
Table 3.5.14. XPS etch profile data for Kunifer 10 after 46
days marine immersion, analysis of sellotape 
removed portion.
Element A C D
Carbon 61.92 67.79 71.71
Oxygen 31.04 27.71 21.15
Nitrogen 0.46 0.04 0.10
Cuprous 0.04 0.65 0.19
Cupric 1.80 - 0.39
Iron 0.44 0.41 0.45
Sodium - 0.03 0.12
Magnesium 0.14 1.30
Chlorine 2.15 1.35 1.30
Nickel 2.09 2.03 1.47
for codes see table 3.5.1.
Figure 3.5.7 shows the EDXA spectra of Kunifer 10 after 
105 days marine immersion. Trace 1 represents the bulk film 
composition of pretreated material type "C" and shows the 
presence of strong copper, nickel and iron x-ray lines. Traces 
2 and 3 are the spectra of samples type "A" and " D 1 
respectively, these show the presence of inorganic components 
(Al, Si, P, S, Cl, K and Ca) as well as the alloy metals.
XPS analysis of the material removed by adhesive tape 
indicated that the film at.the detachment point was rich in 
nickel on all specimens (table 3.5.15.). The film removed from 
type "A" coupons was also rich in copper with some iron and 
nitrogen. The detached film off type "C" coupons had a similar 
composition but no iron and additionally magnesium was 
detected. Type "D" material exhibited elevated copper, iron and 
nitrogen and some magnesium.
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Table 3.5.15.
XPS e tc h  p r o f i l e  o f  K u n i f e r  10 (c o d e  A) a f t e r  105 d a y s  m a r in e  im m e rs io n .
e tc h  t im e 0 30 se c 5 m in s 15 30 0 * 30 s e c *
C arbon 5 4 .6 6 3 4 .6 2 2 4 .9 7 2 4 .5 0 2 6 .0 4 7 4 .5 8 3 7 .8 1
Oxygen 3 6 .4 5 5 6 .5 2 6 4 .9 4 6 5 .4 7 6 2 .9 0 1 7 .7 9 3 8 .1 0
N it r o g e n 8 .4 8 4 .7 0 3 .4 2 3 -8 1 3 .7 8 5 .7 6 2 .9 9
C up ro u s  ( I ) 0 .0 9 1 .3 0 1 .5 1 1 .9 5 2 .1 4 0 .6 8 1 2 .1 8
I r o n 0 .0 9 0 .9 7 1 .6 3 2 .4 6 2 .6 1 0 .4 7 2 .7 7
S od ium 0 .1 0 0 .4 9 0 .3 6 - - 0 .3 5 -
M agnesium 0 .1 3 1 .0 9 1 .6 4 - - - -
C h lo r in e - - 0 .1 9 0 .1 1 0 .3 1 0 .1 9 0 .2 2
N ic k e l - 0 .3 2 1 .3 4 1 .7 0 2 .2 2 0 .1 8 5 -9 3
*  c o m p o s i t io n  o f  m a t e r ia l  rem oved  b y  a d h e s iv e  s e l l o t a p e .
XPS e tc h  p r o f i l e  o f  K u n i f e r  10 (c o d e  C x10  s e a w a te r ) a f t e r  105 d a y s  m a r in e im m e rs io n .
e tc h  t im e 0 30 se c 5 m in s 15 30 0 * 30 se c  *
C arbon 7 1 .5 4 4 6 .6 3 2 4 .5 3 1 8 .9 1 1 2 .6 2 8 0 .8 8 2 2 .1 8
Oxygen 2 0 .5 3 3 8 .4 5 4 6 .0 0 4 0 .7 2 3 8 .2 7 9 -8 9 3 3 .3 2
N it r o g e n 7 .6 4 5 .7 0 3 -9 2 2 .2 7 1 .8 3 6 .7 6 2 .1 4
C u p ro u s  ( I ) 0 .2 9 6 .3 9 9 .9 6 1 4 .7 4 1 7 .0 9 1 .6 4 3 0 .3 3
I r o n - 1 .2 4 1 0 .2 8 1 4 .8 4 1 6 .2 7 0 .1 9 -
M agnesium - 0 .5 5 2 .0 5 2 .4 7 3 .1 6 0 .1 9 1 .6 2
C h lo r in e - 0 .0 5 0 .5 5 0 .2 8 0 .8 9 0 .2 5 0 .6 4
N ic k e l - 0 .9 7 2 .7 2 5 .7 7 9 .8 8 0 .2 1 9 .7 8
*  c o m p o s i t io n  o f  m a t e r ia l  rem oved  b y  a d h e s iv e ta p e .
XPS e tc h  p r o f i l e  o f  K u n i f e r  10 (c o d e  C x lO O  s e a w a te r ) a f t e r  105 d a y s  m a r in e im m e r s io n .
e tc h  t im e 0 30 se c 5 m in s 15 30 0 * 30 s e c  *
C arbon 7 3 .5 9 7 5 .4 4 5 0 .4 9 4 7 .5 7 4 5 .8 8 8 5 .6 6 4 5 .6 0
Oxygen 1 6 .0 2 1 4 .9 7 4 2 .1 0 4 5 .4 2 4 4 .7 3 6 .4 2 2 1 .6 2
N it r o g e n 9 -3 7 8 .4 5 3 .5 3 3 .1 0 4 .0 0 6 .8 0 3 .5 7
C up ro u s  ( I ) 0 .6 8 0 .8 8 1 .5 6 1 .2 2 1 .6 3 0 .4 6 1 8 .0 1
I r o n 0 .1 5 0 .2 2 1 .5 1 1 .2 9 1 .9 2 0 .2 7 3 .0 4
S od ium - - - - - - 0 .7 3
M agnesium 0 .1 9 - 0 .6 1 0 .9 9 1 .1 8 0 .2 1 1 .1 1
C h lo r in e - - - - - 0 .1 0 0 .8 1
N ic k e l - 0 .0 4 0 .1 9 0 .4 2 0 .6 7 0 .0 7 5 .5 1
*  c o m p o s it io n o f  m a t e r ia l rem oved by  a d h e s iv e ta p e .
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Figure 3.5.7. EDX analysis of pretreated Kunifer 10 after 105 
days marine immersion (see table 3.5.1. for codes).
Kunifer 10 coupons were retrieved after 6 months marine 
immersion and the biofilm and corrosion products removed. 
Energy dispersive x-ray analysis (EDXA) of the removed material 
from type "A" (untreated control) coupons showed silicon, 
chlorine, potassium, sulphur, calcium and elevated nickel 
levels along with copper and iron (figure 3.5.8, trace 1). The 
film removed from pretreated Kunifer 10 type "D" (figure 3.5.8,
A
trace 3) was very similar but with slightly more silicon and 
slightly less nickel, whilst the material off type "C" coupons 
(a thin yellow-gold peeling film) consisited of copper, nickel 
and iron with traces of chlorine, silicon, manganese and 
sulphur.
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Figure 3.5.8. EDX analysis of the films removed from pretreated 
Kunifer 10 after 105 days marine immersion.
The final set of XPS data for the organically pretreated 
and control Kunifer 10 coupons is shown in tables 3.5.16. and 
3.5.17. and is for material retrieved after 41 weeks marine 
immersion. The data is presented as elemental composition 
before and after argon ion etching and stripping with adhesive 
tape.
Type "A" (control) was covered in a thin olive green film. 
Analysis showed the outer film to consist mainly of organic 
material with traces of inorganic components (Si, Na, Ca, Cl, 
P, Ni) and both copper (I) and (II) species (table 3.5.16). The 
etch data indicated that the inner film consisted of copper, 
nickel and iron with quantities of calcium, magnesium and 
chlorine, lesser amounts of organic material and a trace of 
sodium. Similar results were reflected in the XPS data after 
the outer film had been stripped away with adhesive tape with 
the exception that nickel comprised the majority of the 
remaining layer and minor inorganic components were absent.
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The pretreated Kunifer 10 type "c" was covered in a thick 
muddy brown/green biofilm which, when dried became crusty and 
was easily detached with adhesive tape as an entire layer. 
Table 3.5.16. shows the XPS etch profile data before and after 
the outer film was removed, the results of the analysis of the 
underside of the detached film is shown in table 3.5.17. The 
results appeared similar to the data obtained for the films on 
the untreated alloy, with the exception that silicon was 
present in the outer and inner films, the analysed materials 
possessed less metallic character (lower percentage of copper, 
iron and nickel) and slightly higher levels of nitrogenous 
materials.
The film on pretreated Kunifer 10 type "d " was difficult 
to remove as a complete layer because of its thick flaky nature 
upon drying but where this olive green outer layer had become 
detached, the bright metallic appearance of the Kunifer 10 
could be seen. XPS analysis of the surfaces before and after 
film removal are displayed in table 3.5.16. Table 3.5.17. 
includes XPS data of the detached film. Results indicated that 
the inner and outer films on the organically pretreated Kunifer 
10 type "D" were similar to those identified on the control 
coupons with the exception that nickel content was lower in the 
outer film of the pretreated alloy, however, the inner layer 
showed similar levels to the type "A" material.
The data presented in table 3.5.17. shows the similarities 
in the detached films from the various samples. All the films 
contained copper, nickel and silicon. Nitrogen levels were 
higher in the material from the pretreated alloys and these 
films also contained iron and chlorine.
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XPS etch profile of Kunifer 10 (code A - untreated)
after 287 days marine immersion.
Etch time (mins) 0 4 8 16 32
Carbon 44.66 20.19 14.75 9.82 7.90
Oxygen 40.83 47.90 50.30 55.43 54.13
Nitrogen 8.73 2.95 2.14 1.21 1.08
Cuprous (I) 0.74 8.47 9.13 8.35 8.98
Cupric (II) 2.02 - - - -
Iron - 6.05 6.66 7.36 8.60
Sodium 0.72 0.68 0.60 0.66 0.65
Magnesium - 1.58 2.09 1.90 2.17
Chlorine 0.18 0.82 0.98 0.67 1.55
Silicon 0.95 3.61 3.20 2.71 -
Calcium 0.52 2.54 2.40 2.46 2.53
Nickel 0.13 4.58 7.20 8.89 12.40
Phosphorus 0.53 0.64 0.56 0.53 -
2Mg+Na/Cl — 4.60 4.80 6.60 3.21
XPS etch profile of Kunifer 10 (code A - untreated) 
after 287 days marine immersion and outer film removal.
etch time 0 30sec 2min 8 16 32
Carbon 49.34 33.11 25.87 23.01 17.16
1 1
-t
r
• VJ
I
Oxygen 37.69 35.90 36.84 40.53 36.66 38.49
Nitrogen 3.17 1.69 1.20 1.11 0.58 -
Cuprous (I) 2.67 11.44 13.12 12.93 17.16 18.44
Cupric (II) 2.06 - - - - -
Iron 1.35 4.09 6.02 4.64 6.21 5.90
Chlorine 0.58 1.40 0.84 0.61 0.74 0.48
Nickel 3.14 12.37 16.11 17.17 21.49 22.54
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continued.
Etch time (mins) 0 4 8 16 32
Carbon 41.47 23.46 19.58 15.61 14.09
Oxygen 43.56 54.98 59.02 61.88 61.65
Nitrogen 5.89 2.75 2.23 2.05 2.71
Cuprous (I) 0.57 2.85 4.14 4.40 3.65
Cupric (II) 0.60 - - - -
Iron 0.35 1.65 1.67 1.76 2.32
Sodium 1.63 2.01 1.78 2.09 1.91
Magnesium 0.84 2.80 2.39 2.44 2.68
Chlorine 1.02 1.42 1.27 1.14 0.84
Silicon 3.15 5.73 5.35 6.15 6.51
Calcium 0.69 1.63 2.00 1.54 2.91
Nickel - 0.72 0.57 0.94 0.74
Phosphorus 0.24 -
*
- -
2Mg+Na/Cl 3.24 5.36 5.17 6.11 8.65
XPS etch profile of Kunifer 10 (code 
after 287 days marine immersion and
i C — x10 seawater) 
outer film removal.
Etch time (mins) 0 30 sec 2 min 8 16 32
Carbon 27.44 23.03 19.93 20.43 22.71 23.15
Oxygen 56.68 55.57 53.54 57.44 45.74 46.25
Nitrogen 2.66 2.34 2.34 0.98 1.14 1.14
Cuprous (I) 1.96 4.41 6.76 7.28 11.02 11.88
Cupric (II) - - - - - -
Iron 1.29 2.40 3.73 2.00 3.77 3.45
Sodium 2.05 2.05 1.56 0.63 0.84 0.93
Magnesium 1.05 1.09 1.35 1.20 1.18 1.15
Chlorine 1.25 1.47 1.19 0.98 1.43 0.86
Silicon 3.57 4.75 4.89 3.17 4.88 3.56
Calcium 0.85 1.31 1.11 1.20 1.58 1.64
Nickel 1.21 1.59 3.58 4.69 5.70 6.01
2Mg+Na/Cl 3.32 2.88 3.58 3.09 2.24 3.76
226 continued.
Table 3-5.16. continued.
XPS etch profile of Kunifer 10 (code D - x100 seawater) 
after 287 days marine immersion.
Etch time (mins) 0 4 8 16 32
Carbon 40.67 13.44 8.19 7.18 7.72
Oxygen 41.85 63.24 65.26 54.31 64.55
Nitrogen 7.27 2.72 2.34 2.05 2.01
Cuprous (I) 0.77 5.66 6.37 6.53 6.21
Cupric (II) 1.62 - - -
Iron 0.58 3.48 4.05 4.56 4.94
Sodium 1.53 1.67 1.76 14.22 2.25
Magnesium 0.55 2.09 2.74 2.48 3.46
Chlorine 0.75 0.47 1.03 0.78 0.84
Silicon 2.95 3.68 4.38 3.21 3.04
Calcium 0.81 2.32 2.37 2.47 2.89
Nickel 0.15 1.23 1.51 2.21 2.09
Phosphorus 0.50 - - - -
2Mg+Na/Cl 3.50 12.44 7.02 24.59 10.91
XPS etch profile of Kunifer 10 (code D - x100 seawater) 
after 287 days marine immersion and outer film removal.
Etch time (mins) 0 30 sec 2 min 8 16 32
Carbon 41.00 38.02 21.06 17.94 15.23 15.15
Oxygen 41.99 36.61 40.75 37.66 37.75 35.99
Nitrogen 5.53 1.98 2.01 1.03 0.66 0.63
Cuprous (I) 1.68 8.89 11.14 13.36 14 i 87 16.59
Cupric (II) 1.84 - - - - -
Iron 1.09 3.16 5.38 5.63 5.89 5.07
Sodium 0.65 0.92 0.81 0.80 0.94 1.18
Magnesium - 1.28 1.53 1.78 1.61 2.15
Chlorine 1.79 * 3.09 2.40 1.76 2.32 1.74
Silicon 1.53 1.37 1.39 0.81 - -
Calcium 0.50 0.77 1.21 1.45 1.30 1.54
Nickel 2.40 3.91 12.30 17.78 19.41 19.96
2Mg+Na/Cl 0.36 1.12 1.61
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2.48 1.79 3.15
Table 3.5.17.
Analysis of material removed by adhesive tape (underside of outer film), 
from Kunifer 10 after 287 days marine immersion.
untreated alloy pretreated X10 pretreated X100
(code A) (code C) (code D)
etch time 0 30 sec 0 30 sec 0 30 se<
Oxygen 25.43 15.14 58.17 52.43 40.54 27.88
Nitrogen 0.87 - 2.71 2.20 3.68 1.39
Cuprous (I) 0.43 0.53 0.48 1.30 0.40 2.50
Cupric (II) - - 0.96 - 1.38 -
Iron - - 0.97 1.89 - 1.45
Sodium - - - - 0.74 -
Chlorine - - 1.10 1.51 1.26 2.06
Silicon 3.17 1.91 4.39 4.13 3.57 3.67
Nickel 0.77 0.94 1.18 1.24 1.15 1.98
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figure 3.5.9. EDX analysis of the films removed from pretreated 
Kunifer 10 after 41 weeks marine immersion (see 
table 3.5.1 for codes).
Energy dispersive x-ray analysis of the biofilm and 
corrosion products removed from the 41 week immersed Kunifer 10 
samples is shown in figure 3.5.9. The analysis indicated higher 
levels of copper, iron, nickel and chlorine as compared with 
the material immersed for only 6 months (figure 3.5.8). The 
nickel and chlorine levels appeared to be considerably higher 
than the previously analysed samples. A considerable portion of 
the bulk film was also composed of elements such as phosphorus, 
sulphur, potassium, calcium etc., these originated from the 
microorganisms and mineral fractions of the biofilms. X-ray 
diffraction analysis of this material indicated a strong 
diffraction pattern typical of SiC^ (table 3.5.18). Amongst the 
diffraction pattern recorded, other x-ray lines were attributed
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to the compound Al2Si2 (OH)2 * The formula for this compound, 
(aluminium silicate hydrate) appears to fit almost any of the 
alumino-silicate type clay minerals, thus indicating that a 
considerable portion of the biofilm on both pretreated and 
control Kunifer 10 after 41 weeks marine immersion was composed 
of clay-mineral type deposits.
Table 3.5.18. X-ray diffraction test - 41 week biofilm/corrosion 
product off Kunifer 10 alloy.
X-ray lines (d values)
4.25* 1.80* 1.25*
3.34* 1.67* 1.22
2.45 1.65* 1.19
2.28* 1.54* 1.18
2.23 1.45* 1.15
2.12 1.41* 1.14
1.97* 1.38*
1.81* 1.28*
* strong x-ray lines
Material deduced Si02/ additional lines at 4.42, 3.34, 2.56, 
2.23, 1.67 and 1.48 attributed to aluminium silicate hydrate 
Al2Si2(OH)2.
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3.6. MARINE EXPOSURE OF KUNIFER 10 PRETREATED IN SEAWATER OR 
SODIUM CHLORIDE SOLUTIONS AT FIXED ELECTROPOTENTIALS 
AND TEMPERATURES.
Recent investigations by Parvizi (1985), indicated that by 
pretreating Kunifer 10 in sodium chloride solutions (3.4% w/v) 
at fixed electropotentials, control could be exercised over the 
actual passivating film that formed. For example, at -200 mV 
SCE (40 mV SHE), films predominantly cuprous chloride rich 
formed, whilst at potentials just inside the anodic Tafel 
region (approximately -150 mV SCE, 90 mV SHE), an iron-rich 
layer developed, both films polarised the cathodic and anodic 
reactions (oxygen reduction and metal dissolution 
respectively). In seawater at fixed electropotentials (-150 mV, 
-200 mV SCE) passivation still occurred and was indicated by a 
reduced corrosion rate (figure 3.6.1 traces 2 and 4) and the 
films appeared identical to those formed in sodium chloride 
solutions however, there was no evidence of iron enrichment. 
Only at elevated temperatures (eg. 40°c) did such iron-rich 
films form and these could be produced at fixed or open circuit 
potentials.
It was realised that when dried, such iron-rich films
afforded considerable protection to the alloy but could be
easily damaged before dehydration. Little if anything was known
about the performance of such treated material in marine
environments. Therefore Kunifer 10 coupons were pretreated as
outlined in table 3.6.1, dried, attached to wooden panels by
nylon fasteners and immersed at the exposure site (Itchenor
Reach). A preliminary investigation was carried out in the
spring of 1985 which lasted 3 months, followed by a major
survey from early summer 1985 to 1986, the results are 
presented below :-
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Figure 3.6.1. passivation behaviour of the Kunifer 10 alloy.
3.6.1. Preliminary survey.
Table 3.6.1 outlines the various pretreatments 
investigated as part of the preliminary study :-
code solution electropotential 
(mV SCE)
temperature
(°C)
pretreatment
(hours)
A NaCI 3.4% 20 144
B N a d  3.4% - 40 144
C N a d  3.4% -150 20 24
D N a d  3.4% -200 20 24
E seawater - 20 144
F seawater - 40 144
G seawater -150 20 24
H seawater -200 20 24
I control - no pretreatment
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3.6.1.1 Microscopy.
Biological data was acquired after 3 months marine exposure. 
Plate 3.6.1. shows representative surfaces after this period of 
exposure.
Treatment A (sodium chloride at 20°C).
The surface of the Kunifer 10 pretreated in sodium 
chloride at 20°C was crystalline and flaky (plate 3.6.1a). 
Microfouling organisms were present within this film, mainly 
diatoms such as Amphora spp..
Treatment B (sodium chloride at 40°C).
The 40°C treated Kunifer 10 (in sodium chloride) 
supported a more diverse community of microflora containing 
colonies of Amphora, Odonte1la and Synedra spp., (plate 
3.6.1b). To the unaided eye, this appeared as a thin, pale 
green fouling layer. Light scraping of the surface revealed a 
bright yellow-gold film firmly attached to the metal substrate.
Treatment C (sodium chloride -150 mV SCE 20°C).
Plate 3.6.1c shows the surface of a pretreated coupon 
type C which consisted of a loosely adherent outerfilm 
containing corrosion products and colonies of Amphora and 
Cocconeis spp.. A matt gold coloured surface was present below 
this layer.
Treatment D (sodium chloride -200 mV SCE 20°C).
Type "D" coupons were covered by a thin green film 
consistingof macroalgae (Amphora sp. and Cocconeis sp.) , 
removal of this layer revealed a yellow-brown film strongly 
attached to the substrate.
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Treatment E (seawater at 20°C).
These specimens became covered by diatoms, predominantly 
pennate forms (Synedra) and some coccolithophorids (Emiliania 
huxleyi) as shown in plate 3.6.Id. The underlying material was 
matt dark brown.
Treatment F (seawater at 40°C).
Various species of diatoms colonised type F coupons but 
mainly species of Amphora, Achnanthes and Fragilaria (plate 
3.6.1e). In areas, the diatom fouling was considerable. The 
underlying material was a dark brown matt colour.
Treatment G (seawater -150 mV SCE 20°C).
These samples appeared bright yellow-gold in appearance, 
closer examination showed small isolated patches of microalgae. 
In some cases these appeared to be pure colonies of Amphora 
sp.
Treatment H (seawater -200 mV SCE 20°C).
Type H coupons had become fouled with thick mucous films 
and the diatoms colonising these coupons were generally smaller 
than 20 pm long. Only a few colonies were visible.
Treatment I (untreated control).
Control coupons appeared to be virtually free from 
microfouling organisms (plate 3.6.If), only a few isolated 
colonies of Amphora sp. were observed. Removal of the outer 
film revealed a dull brown metallic film.
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Plate 3.6.1. SEM m i c r o g r a p h s  of the s u r f a c e  of
eleictrochemically pretreated Kunifer 10
after 3 months marine immersion.
A) SEM micrograph of a sample pretreated in sodium
chloride at 20°C showing flaky crystalline deposits.
B) SEM micrograph of a sample pretreated in sodium
chloride at 40° C showing heavy diatom fouling.
C) SEM micrograph of a sample pretreated in sodium chloride 
at 20° C and an electropotential of -150 mV (SCE), note 
the heavy fouling by the diatom Amphora sp.
D) SEM micrograph of a sample pretreated in seawater at
20° C, note the cracked film supporting pennate 
diatoms.
E) SEM micrograph of a sample pretreated in seawater at
40° C, showing the surface fouled by a pennate diatom.
F) SEM micrograph of an untreated control sample, note the
complete absence of any fouling organisms.
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3.6.1.2. Energy dispersive x-ray analysis.
As this study was only a preliminary investigation, EDXA 
and XPS anaylses were restricted to the coupons pretreated at 
20°C in sodium chloride under controlled electropotential (-150 
mV SCE). Earlier studies by Parvizi (1985), indicated that this 
pretreatment afforded the best protection to the alloy. The 
results are presented alongside data obtained for the untreated 
controls.
EDX analysis spectra acquired after one months marine 
immersion are shown in figure 3.6.2. The untreated unexposed 
Kunifer 10 (trace 1) shows the presence of copper, nickel and 
iron. The surface of the pretreated and exposed alloy (trace 2) 
showed an enrichment of iron in the bulk corrosion film along 
with quantities of copper and nickel; calcium, phosphorus and 
silicon were also detected. Similarly the control Kunifer 10 
(trace 3) after marine immersion for 1 month showed virtually 
the same bulk film composition, with elevated iron levels as 
well as phosphorus and silicon.
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Figure 3.6.2. EDXA spectra of Kunifer 10 after 4 weeks immersion.
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2. NO PRETREATMENT - 3 MONTH MARINE EXPOSURE.
r\
wH
ZDOo
v
M
CO
zU1H
Z
S.
Ca Fe Pe Ml CuM n Cu
Figure 3.6.3. EDXA spectra of Kunifer 10 after marine immersion 
for 3 months.
After 3 months marine exposure (figure 3.6.3), the film on 
the untreated Kunifer 10 was still rich in iron and appeared to 
contain appreciable quantities of nickel with traces of 
manganese, calcium, chlorine, sulphur and potassiun (trace 2). 
However, pretreated alloy (trace 1) had an iron, nickel, 
chlorine rich film (as well as copper) and higher levels of 
manganese (from the alloy), calcium, sulphur, phosphorus, 
silicon and aluminium.
3.6.1.3. X-ray photoelectron spectroscopy.
Material recovered after 1 months marine exposure was 
sequentially etched and analysed by XPS. Figure 3.6.4 is the 
recorded XPS survey spectra for the pretreated Kunifer 10 alloy 
(-150 mV SCE, N a d  20°C ) before and after argon ion etching. 
Strong photoelectron peaks for carbon (285 eV), nitrogen (399 
ev) and oxygen (532 ev) were observed before etching and for
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iron (710 eV), nickel (855 eV) and copper (934 eV) after 
etching. This indicated the existence of a thick organic 
outerlayer covering a nickel/iron rich film.
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Figure 3.6.4. XPS survey spectra of electrochemically
pretreated Kunifer 10 after immersion in the 
sea for 1 month.
Sucessive etching of the surface of the pretreated (-150 
mV SCE NaCI) and the control coupons (table 3.6.2) indicated 
that the iron enriched layer was some distance from the surface 
film. The outer layer contained some iron (approximately 2.5%) 
but mainly carbon, oxygen, nitrogen and copper. However, after 
removal of approximately 0.60 nm of the outer film (30 second 
etch), the iron content had increased to approximately 10% for 
the pretreated alloy and 12.5% for the control alloy. 
Quantities of calcium, phosphorus and magnesium were also 
present whilst the levels of organic materials had decreased. 
Approximately 3% of the surface film on the pretreated alloy 
was composed of silicon, indicating mineral/silt deposits
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and/or diatom fouling (silicon is the main component of the 
diatom frustule). No silicon was detected on control coupons at 
this stage. Since the SEM investigations indicated the absence 
of diatom fouling on control coupons and the presence of 
diatoms on the pretreated coupons, it is suggested that the 
silicon, detected by XPS on the pretreated coupons, was 
attributable, at least in part to diatom fouling.
Successive argon ion etches revealed an increase in the 
percentage of iron with depth for both pretreated and control 
coupons, iron composition rose to values as high as 20% after 
24 minutes etch for the control alloy and after 32 minutes for 
the pretreated alloy (30 nm and 40 nm etch respectively). 
Sucessive etches also revealed greater quantities of calcium, 
phosphorus and magnesium probably present as mineral deposits 
and/or corrosion reaction products.
Table 3.6.2. Xps analysis of pretreated and untreated Kunifer 
10 after 1 month marine immersion.
A) Pretreated Kunifer 10 (-150 mV SCE N a d  & 1 month immersion), 
etch
time 0 15s 30s lmin 2 4 8 16 32
C 45.44 40.46 37.50 37.36 31.79 31.42 30.04 30.30 26.03
0 39.10 34.61 34.39 34.66 35.72 35.04 35.53 35.40 37.07
N 5.71 4.00 3.16 2.34 3.13 2.52 2.40 1.85 1.82
CU 6.32 4.28 4.32 3.95 3.90 4.45 5.28 5.16 6.37
Fe 2.51 8.53 10.34 11.75 13.23 15.39 16.56 17.95 19.05
Na 0.16 - - - - - - - -
Mg 0.24 0.76 0.95 0.86 1.14 1.45 1.13 1.48 1.42
Cl - 0.12 0.34 - - - - - -
Si 1.15 1.58 3.00 1.87 3.25 1.37 0.90 - -
Ca 0.82 2.64 3.25 4.07 3.48 4.33 4.04 3.92 3.88
Ni - 0.57 0.79 0.96 1.78 1.81 2.21 1.87 2.42
P 1.59 2.46 1.96 2.18 2.59 2.23 1.92 2.08 1.94
continued.
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table 3.6.2. continued.
B) Untreated Kunifer 10.
etch
time 0 30s lmin 1 6 12 24
C 50 .94 26.72 25.63 23,.35 21.86 22.44 20.75
0 36 .25 45.55 47.32 47..44 46.64 44.65 41.27
N 7.32 1.47 0.94 1.78 1.68 1.56 1.78
CU 2.47 3.95 4.04 4..09 4.01 3.87 3.45
Fe 1.63 12.54 13.15 12..13 15.95 17.29 19.13
Ni - - 0.59 0.81 1.33 1.80
Mg
r 1
0.12 0.98 1.18 2..24 1.11 1.53 3.73
L-L
Ca 0.46 3.54 3.81 4..20 4.34 3.40 4.60
P 0.81 2.74 2.15 2.,81 2.14 3.32 3.21
Etch depths are estimated at 1.25 nm min“'^ f see chapter 2.
3.6.2. MAJOR SURVEY OF ELECTROCHEMICALLY PRETREATED KUNIFER 10.
Table 3.6.3. outlines the various p re tre atm ent s 
investigated in the major survey. Samples were immersed at the 
exposure site (Itchenor Reach) using techniques described in 
chapter 2. Coupons were retrieved at various intervals up to 
250 days and analysed by EDXA/SEM and XPS.. The colour of the 
surface films and relative biofouling resistance of the 
pretreated alloys was noted, corrosion rate data as determined 
by weight loss experiments is also included (presented as 
corrosion rate in milli-inches per year).
The colour of the Kunifer 10 after the various 
pretreatments is shown in plate 3.6.2a and can be compared with 
the untreated control. Surface colours varied from dull brown 
through yellow/gold to orange/pink and blue/grey. Plate 3.6.2b 
shows the coupons attached to the wooden panel before 
immersion. After 24 hours exposure (plate 3.6.2c) all the
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Plate 3-6.2. Electrochemically pretreated Kunifer 10, before
and after marine immersion.
A) Pretreated coupons showing the range of colours 
produced as a result of the surface film compositions.
B) Specimens of electrochemically pretreated Kunifer 10
attached to the wooden supporting panel prior to marine 
immersion at Itchenor Reach.
C) Specimens of electrochemically pretreated Kunifer 10
attached to the wooden supporting panel after 24 hours 
marine immersion, note the various samples all appeared 
to be the same colour, suggesting that the 
electrochemically produced films had weathered away.
D)' Specimens of electrochemically pretreated Kunifer 10
attached to the wooden supporting panel after 14 days 
marine immersion, note the fouling on the plastic nut 
heads used to attach the samples to the panel, all the 
alloy surfaces appeared to be free from fouling at this 
stage.
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coupons appeared to have a similar dull metallic copper/yellow 
colour; no visible changes were detected over the next 14 
days. Plate 3.6.2d shows a panel after 2 weeks immersion, the 
first visible fouling can be seen on the attaching ropes and 
plastic nuts and bolts. Samples were removed after 67 days 
immersion and their biofouling resistance assessed, the results 
are displayed in table 3.6.4. Upon removal of each coupon from 
the wooden panel, the original film colours were observed 
beneath the area previously concealed by the nut head.
Table 3.-6.3 Electrochemical pretreatments investigated 1985-1986
Specimen Temperature Electrolyte Electropotential
A 20 NaCl -200
B 20 Seawater -150
C 20 NaCl -150
D 20 Seawater -200
E 40 NaCl -200
F 40 Seawater -200
G 40 Seawater -150
H 40 NaCl -150
I 20 NaCl free
J 40 Seawater free
K 20 Seawater free
L 40 NaCl free
Y control no pretreatment.
NaCl = 3.4% , seawater = freshly collected and 0.22}im 
filtered. Electropotentials are in mV versus SCE. 
Temperatures for pretreatment are in degrees c.
The majority of coupons had become covered in thick 
mud/silt accretions formed by the colonising Jassa. In general, 
those alloys pretreated at the higher temperatures exhibited 
the most dense fouling populations of Jassa. These large clumps 
of Jassa were easily removed (light finger pressure) and 
revealed a dark brown, diatom-rich layer. No hard fouling was 
present at this stage.
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Table 3.6.4. Biofouling after 67 days marine immersion.
Specimen Pretreatment conditions* Biofouling
K 20° C Seawater A sparse covering of diatoms
A 20°C NaCl -200 n it n
B 20° C Seawater -150 n it n
D 20° C Seawater -200 n ii it
I 20° C NaCl Jassa (macrofouling)
J 40° C Seawater it If
F 40° C seawater -200 Jassa + thick diatom film
C 20° C NaCl -150 Jassa
H 40° C NaCl -150 it
Y control ■I
E 40° C NaCl -200 Jassa + thick diatom film
G 40° C Seawater -150 jassa + heavy silt deposits
L 40° C NaCl Jassa and some Ectocarpus
*see table 3.6.3 for fuller details of pretreatments.
Plate 3.6.3a shows the panel and coupons after 120 days 
marine immersion, the wooden panel was heavily fouled by algae, 
bryozoa and ascidians, whilst the Kunifer 10 coupons were 
predominantly covered in thick diatom films and Jassa (plate 
3.6.3b). The degree of fouling varied from thin, green, silty 
films to thick, mud-laden Jassa infestations. Table 3.6.5 
summarises the results of the biofouling investigations after 
120 days marine immersion.
Table 3.6.5 Electrochemical pretreatments - 120 marine
exposure.
Heavily biofouled-------Thin biofouling------►No visible biofilm
40°C NaCl -150mV$ 40°C NaCl 20°C NaCl
40°C seawater 40° C seawater -200mV 20°C seawater
40°C seawater -150mV 20°C seawater -200mV CONTROL
40°C NaCl -200mV 20°C NaCl -200mV 20°C sea-
200 C NaCl -150mV water -150mV
Potentials in millivolts SCE.
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Plate 3.6.3. Electrochemically pretreated Kunifer 10 after
marine immersion.
A) Shows the pretreated coupons on the wooden panel after
120 days marine immersion, note the heavy fouling on 
the wooden supporting panel and diatomaceous slimes on 
the test coupons.
B) Specimens after 120 days marine immersion showing
detail of the fouling present, note the Jassa (j) and 
thick •diatom films. The original colour of the 
films formed before exposure can be seen around the 
region of the bolt hole.
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Again the most heavily biofouled surfaces were those pretreated 
at 40°C. Some of the coupons also exhibited the unusual "edge" 
corrosion reported in section 3.4 (i.e. 40°C NaCl, 40°C
seawater -200/ 40°C NaCl -200, 40°C seawater -150). Although it 
was not possible to correlate such "edge" corrosion with the 
types or quantities of fouling organisms in this particular 
investigation, it is probable that this phenomenon is 
associated with epibenthic communities (see discussion). Plate 
3.6.4 shows details of representative surfaces as viewed by 
'SEM. The heavily fouled coupons are depicted in plate 3.6.4a-d, 
surfaces "essentially free" of fouling can be seen in plate 
3.6.4e-f.
3.6.2.1. Energy dispersive x-ray analysis.
Coupons were also analysed by EDXA after 120 days 
marine immersion. The results are shown in figures 3.6.5 and 
3.6.6. Heavily fouled surfaces (J,H,G and E) and the moderately 
fouled coupons L and F were found to be silicon rich, 
representing the silt/mud fouling layers (figure 3.6.6). 
Aluminium, chlorine, potassium and calcium were also identified 
as components of the biofilms, presumably as corrosion reaction 
products and clay mineral deposits, sulphur was also present in 
trace quantities (sulphated polysaccharides are copiously 
secreted by the microorganisms of the biofilm), and the iron 
signal indicated the existance of this element in all the 
fouling films.
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Plate 3.6.4. SEM m i c r o g r a p h s  of the s u r f a c e  of
electrochemically pretreated Kunifer 10
after 120 days marine immersion.
A) Micrograph showing a coupon heavily fouled with
diatoms.
B) Micrograph showing a region fouled by various pennate
diatoms and surrounding corrosion products.
C) Micrograph showing a region heavily fouled by the
diatom Achnanthes sp., note the copious mucilaginous
sectretions.
D) Micrograph of a thick surface film containing diatoms
and corrosion products held together by mucilaginous 
secretions.
E) Micrograph of the surface of a pretreated coupon that
was virtually free from fouling microorganisms (apart 
from the occasional diatom).
F) Micrograph showing the surface of a pretreated coupon
that was devoid of any fouling organisms after 120 days
immersion.
Scale bar for A, B = 10 pm, C - F = 100 pm.
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Other metallic components (Cu, Ni) were barely detectable 
however, the surfaces of coupons free of visible fouling (refer 
to figure 3.6.5 and table 3.6.5) showed strong lines for 
copper, nickel and iron as well as the other inorganic 
constituents (figure 3.6.6. traces I,K,B). The untreated 
control alloy (trace Y), although essentially free of visible 
fouling, exhibited a very weak x-ray signal for the alloy 
metals (Cu, Ni, Fe, Mn), whilst the x-ray lines for silicon, 
aluminium, sulphur, chlorine, potassium and calcium were 
strong. As control coupons had previously fouled (as recorded 
after 67 days marine immersion, table 3.6.4) it is likely that 
the thick biofouling layers had recently detached, leaving an 
inorganic, silicon rich film over the substrate. The presence 
of such elements as si, Al, Ca etc. suggests that the surface 
of the control coupon was covered with an overlayer of clay 
mineral deposits.
3.6.2.2. XPS Analysis.
Samples were retrieved after 24 hours, 2 weeks, 1 month 
and 240 days and analysed by XPS using the techniques described 
in chapter 2. After 24 hours the outer films on all pretreated 
coupons (A-L) and the control Kunifer 10 consisted of carbon, 
oxygen, nitrogen, traces of copper (mainly cuprous) nickel, 
iron and sea salts (table 3.6.6).
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Si
Cu
figure 3.6.5. EDXA spectra of electrochemically pretreated
Kunifer 10 alloy after 120 days marine immersion.
for codes see table 3.6.3.
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yv
Ca
Cu
Figure 3.6.6. EDXA spectra of electrochemically pretreated
Kunifer 10 alloy after 120 days marine immersion.
for codes see table 3.6.3.
2 4 9
Curve fitting of the carbon Is photoelectron peaks 
indicated that organic carbon species (C-0, C=0 type bonding), 
comprised approximately 85% of the carbon signal. After a brief 
etch period (1 minute, approximately 1.24 nm removed), the 
surfaces were analysed and although organic material was still 
present, elevated nickel and iron levels, in comparison to the 
composition of the alloy, were recorded (table 3.6.7). 
Pretreated samples D,E,J (seawater 40°C, N a d  40°C -200 mV and 
seawater 20°C -200 mV) contained the highest nickel levels at 
approximately 9%. Chlorine was present in all the films on the 
pretreated coupons (with the exception of A and B), 
irrespective of the presence of sodium or magnesium indicating 
that this element was associated with other components of the 
films.
After 2 weeks marine immersion (table 3.6.8) carbon levels 
in the outermost film were similar to those found after 24 
hours, whilst nitrogen levels were all slightly depressed. 
Higher quantities of cuprous (copper I) material was detected 
on all the coupons, with the exceptions of pretreated samples A 
and C (NaCl 20°C -200 mV, N a d  20°C -150 mV), cupric material 
was absent. In addition, the outermost film generally contained 
detectable quantities of nickel and sea salts. Argon ion 
etching (table 3.6.9) revealed films rich in iron, nickel and 
copper, pretreated samples G, H, (seawater 40°C -150 mV, NaCl 
40°C -150 mV) and the control had films which contained the 
highest iron levels (approximately 26%).
Tables 3.6.10 and 3.6.11 show the XPS data before and 
after argon ion etching of specimens retrieved after 28 days 
marine immersion, again the surfaces were predominantly rich in
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organic materials (C,N,0). After partial film removal, analysis 
indicated that the films containing the the most iron/nickel 
were on pretreated specimens L, F (NaCl 40°C, NaCl 40°C -200 
mV) and the control. The final set of samples for XPS analysis 
were retrieved after an immersion period of 120 days. The 
results are presented in tables 3.6.12 and 3.6.13. Specimens 
prior to etching (table 3.6.12) with the exception of A, F and 
G (NaCl 20°C -200 mV, seawater 40°C -200 mV, seawater 40°C -150 
mV), had outerfilms rich in silicon, indicative of silt/clay 
materials and/or diatom fouling. Thick organic films were 
identified on all the test coupons but iron copper and nickel 
(if present), were found only as minor constituents of these 
outermost films.
Partial film removal by argon ion etching (table 3.6.13) 
indicated that the analysed films were mainly composed of 
silicon and organic materials (C,N,0).
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Xps results - pretreated Kunifer 10 after 24 hours marine immersion.
$ A B C D E F G
Carbon 64.41 66.90 62.30 67.48 66.97 67.49 66.09
Oxygen 23.78 21.32 21.01 20.43 19.68 20.12 21.67
Nitrogen 11.06 11.14 10.89 11.88 12.07 11.91 11.97
Cuprous (I) 0.28 0.25 2.03 - 0.30 - 0.22
Iron - 0.21 - - - - 0.03
Sodium - - 0.37 0.10 - - -
Chlorine 0.42 0.17 3.40 0.04 0.72 - 0.03
Silicon - - - - - 0.16 -
Nickel 0.06 - - 0.07 0.26 0.33 -
H I J K L Y
Carbon 65.78 57.78 59.53 54.91 53.65 54.08
Oxygen 21.25 29.84 28.69 31.69 33.00 34.05
Nitrogen 11.71 8.86 9.36 7.37 8.33 6.81
Cuprous (I) 0.28 0.41 1.48 2.39 2.20 2.27
Cupric (II) - 1.77 - 0.49 - -
Iron 0.06 - - 0.72 0.77 1.69
Sodium - 0.25 0.05 0.52 0.54 0.34
Magnesium 0.04 - 0.08 - - 0.24
Chlorine 0.88 0.82 0.44 1.54 0.51 0.26
Nickel mm 0.29 0.36 0.38 1.00 0.26
$ for individual pretreatments refer to table 3.6.3.
Xps results - pretreated Kunifer 10 after 24 hours marine immersion
and 1 minute etch.
$ A B C D E F G
Carbon 48.33 59.74 34.74 35.77 31.75 60.01 34.78
Oxygen 26.18 20.89 39.55 33.58 29.97 20.10 32.04
Nitrogen 4.35 6.28 3.46 3.96 2.29 5.51 3.88
Cuprous (I) 8.58 6.34 8.85 4.89 10.96 4.16 10.00
Iron 5.51 5.78 5.86 9.43 4.78 3.42 4.63
Sodium - - - - 0.77 - 1.96
Magnesium - - - 2.24 2.71 0.65 2.96
Chlorine - - 5.99 0.96 7.59 1.18 5.46
Nickel 7.06 0.97 1.55 9.16 9.18 4.98 4.30
H I J K L Y
Carbon 42.51 25.41 28.74 23.92 32.67 35.94
Oxygen 27.71 41.37 42.24 46.86 46.70 46.37
Nitrogen 4.88 2.81 2.69 2.40 2.94 2.56
Cuprous (I) 8.04 10.94 6.44 8.32 4.59 6.35
Iron 5.99 7.39 6.86 6.84 • 6.02 14.23
Sodium - 1.00 - 0.60 - 1.15
Magnesium 1.54 0.99 2.25 1.40 0.29 1.65
Chlorine 7.49 3.14 1.48 3.29 1.33 0.85
Nickel 1.85 6.95 9.29 6.37 5.47 1.90
$ for individual pretreatments refer to table 3.6.3*
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Xps results - pretreated Kunifer 10 after 2 weeks marine immersion.
$ A B C D E F G
Carbon 63.94 57.52 56.22 63.32 56.96 58.47 52.94
Oxygen 26.15 23.47 27.37 20.40 22.35 25.83 26.33
Nitrogen 8.29 8.55 9.12 8.03 8.94 9.35 7.43
Cuprous (I) 0.55 5.19 2.41 4.93 7.92 5.00 7.31
Cupric (II) 2.09 - 1.55 - - - -
Iron 0.09 3.64 2.07 1.34 - - 0.60
Sodium - 0.31 0.18 0.43 - 0.47 0.36
Magnesium - 0.18 0.26 - 1.72 -
Chlorine - 0.84 0.82 0.83 2.12 0.54 1.29
Nickel - 0.30 - 0.72 - 0.35 3.73
H I J K L Y
Carbon 57.07 64.62 56.01 54.84 55.71 54.16
Oxygen 31.34 21.97 25.11 25.83 24.59 30.20
Nitrogen 10.00 5.93 8.87 8.53 7.31 9.65
Cuprous (I) 0.38 4.34 3.73 4.68 5.24 2.60
Cupric (II) - - — - - -
Iron 0.76 1.67 3.37 4.48 3.85 1.87
Sodium - - 0.35 - 0.41 0.42
Magnesium 0.06 - 0.35 0.66 0.25 0.38
Chlorine 0.30 0.31 0.64 0.36 0.61 0.71
Nickel 0.08 1.17 1.57 0.63 2.04
$ for individual pretreatments refer to table 3.6.3.
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Xps results - pretreated Kunifer 10 after 2 weeks marine immersion,
5 minutes etch.
$ A B C D E F G
Carbon 18.93 24.33 21.81 20.92 18.06 21.19 22.55
Oxygen 37.60 37.85 37-16 38.81 39.43 31-91 5.56
Nitrogen 2.10 2.13 3-21 2.27 2.15 1.24 2.71
Cuprous (I) 8.30 13.26 10.02 5.54 14.79 12.80 21.17
Iron 17.24 13-29 21.44 13.86 6.94 15.43 27-36
Sodium . 0.15 0.35 0.36 1.74 2.48 - -
Magnesium 0.83 2.19 0.90 3-33 - 1.25 4.01
Chlorine 1.20 1.16 1.25 2.26 4.99 2.20 1.77
Nickel 13-64 5.44 3-86 11.28 11.15 13-99 14.87
H I J K L Y
Carbon 19-34 24.00 17-77 18.47 16.43 26.21
Oxygen 37-31 35.62 41.23 41.87 40.46 33-03
Nitrogen 2.32 2.49 1.74 2.57 2.73 2.11
Cuprous (I) 7.92 7.40 5.02 7-96 5.70 6.32
Iron 25.50 13-18 12.82 14.70 13-01 25.19
Sodium - - 0.25 - - 0.82
Magnesium 1.66 1.18 3-82 2.92 2.24 3.01
Chlorine 1.48 0.87 1.80 1.24 1.58 1.28
Nickel 4.47 15.26 15.55 10.27 17.85 2.02
$ for individual pretreatments refer to table 3.6.3-
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Xps results - pretreated Kunifer 10 after 4 weeks marine immersion.
$ A B C D E F G
Carbon 58.58 55.91 59.22 70.74 61.45 68.57 59.14
Oxygen 30.77 33.40 29.09 17.47 27.48 21.24 31.60
Nitrogen 10.16 9.43 11.27 10.47 10.69 10.06 8.67
Cuprous (I) 0.34 0.33 0.25 0.25 0.19 0.14 0.59
Cupric (II) - - - - -
Iron 0.15 0.20 0.08 0.45 - - -
Sodium - 0.06 - - - - -
Magnesium - 0.18 - - - - -
Chlorine - - 0.08 - 0.20 - -
Nickel - - - - - - -
Calcium - 0.48 - 0.62 - - -
H I J K L Y
Carbon 65.60 64.63 64.81 65.46 31.82 73*96
Oxygen 24.24 23.92 24.40 22.81 62.37 16.88
Nitrogen 10.16 11.41 10.79 11.67 5.81 9.16
Cuprous (I) - - - - - -
Sodium - - - 0.06 - -
Magnesium — 0.04 mm mm _
$ for individual pretreatments refer to table 3 .6 .3.
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xps results - pretreatea runner iu aiter h wee^s marine immersion,
.1 minute etch.
$ A B C D E F G
Carbon 70.66 61.42 59.82 26.05 34.91 47.78 33.48
Oxygen 20.50 30.17 28.04 63.19 48.20 29.69 58.82
Nitrogen 6.07 4.13 4.45 3.25 5.20 4.26 2.16
Cuprous (I) 1.13 0.93 1.62 0.95 3.47 3.78 1.52
Iron 1.04 1.45 3.00 2.71 2.13 5.36 1.82
Sodium 0.05 - - - 1.87 - -
Magnesium 0.13 0.62 0.67 0.94 - 1.56 0.23
Chlorine 0.04 - 0.28 - 1.53 0.81 0.31
Nickel 0.38 0.38 1.10 1.94 1.82 5.67 0.92
Calcium 0.89 1.02 0.97 0.86 1.09 0.73
H I J K L Y
Carbon 55.04 53.36 68.77 59.13 56.64 48.26
Oxygen 36.64 36.02 18.68 31.84 18.33 35.80
Nitrogen 6.44 5.59 4.33 2.98 3.86 4.78
Cuprous (I) 0.88 1.28 1.23 1.23 2.95 3.99
Iron 0.69 1.69 2.70 2.18 11.88 4.43
Sodium - 0.08 0.17 - - -
Magnesium 0.12 0.42 1.06 0.17 0.56 0.30
Chlorine 0.05 - 0.38 0.24 0.59 0.20
Nickel 0.14 1.56 1.88 1.65 4.62 0.80
Calcium - - 0.80 0.59 0.57 1.44
$ for individual pretreatments refer to table 3.6.3.
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Xps results - pretreated Kunifer1 10 after 120 days marine immersion.
$ A B C D E F G
Carbon 49.75 49.43 50.90 41.57 45.85 49.59 44.82
Oxygen 43.61 37.27 36.99 50.39 38.47 42.94 47.02
Nitrogen 3.97 4.10 3.23 4.52 2.46 3.32 2.89
Cuprous (I) 0.36 0.91 0.33 - 1.04 1.10 0.68
Iron 0.38 0.29 0.47 - 0.96 0.85 1.42
Sodium 0.64 0.77 0.89 0.34 0.99 0.72 0.97
Magnesium 0.51 0.39 0.34 0.17 0.75 0.67 0.68
Chlorine 0.77 1.14 1.21 0.50 1.08 0.76 1.52
Silicon - 5.69 5.65 2.50 8.38 - -
Nickel - - - - - 0.05 -
H I J K L Y
Carbon 50.48 61.79 42.02 45.81 43.97 40.66
Oxygen 32.51 25.41 42.01 41.40 38.94 40.12
Nitrogen 5.97 6.02 4.81 4.61 3.77 4.48
Cuprous (I) 0.30 0.56 0.23 0.77 0.72 1.40
Iron 0.47 0.64 1.08 1.51 0.48 1.65
Sodium 0.61 0.08 0.89 0.11 1.76 0.71
Magnesium 0.27 0.25 0.60 0.33 1.06 * 0.71
Chlorine 0.54 0.17 0.66 0.23 1.33 1.15
Silicon 8.85 5.08 7.71 4.93 7.96 8.93
Nickel MB — 0.29 — 0.19
$ for individual pretreatments refer to table 3.6.3.
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xps results - pretreated Kuniier to alter idu days marine immersion,
5 minute argon ion etch
$ A B C D E F G
Carbon 54.71' 46.19 37.27 27.46 30.68 32.07 33.32
Oxygen 32.94 40.21 45.49 52.64 50.32 62.48 59.44
Nitrogen 1.90 1.13 1.12 1.07 1.40 1.40 1.51
Cuprous (I) 0.32 0.61 0.17 1.07 1.10 0.78 0.50
Iron , 0.73 0.91 0.76 1.65 0.91 1.35 1.61
Sodium 0.49 0.14 1.19 0.80 0.49 0.53 1.04
Magnesium 0.43 0.42 0.96 1.06 0.86 0.94 1.22
Chlorine 0.61 0.59 1.71 1.24 0.84 0.45 1.35
Silicon 7.87 9.70 11.33 12.70 13.21 - -
Nickel - 0.10 - 0.33 0.19 - -
H I J K L Y
Carbon 37.59 33.58 25.29 30.30 21.22 22.51
Oxygen 45.23 47.22 54.91 48.11 56.17 55.88
Nitrogen 2.98 3.61 2.40 3.40 2.17 3.45
Cuprous (I) 0.38 0.56 0.19 1.50 0.46 1.36
Iron 0.48 2.00 1.15 4.15 0.73 2.16
Sodium 0.67 0.06 1.16 - 1.27 0.64
Magnesium 0.66 1.33 0.87 1.22 0.91 1.14
Chlorine 0.79 0.22 0.78 0.41 1.52 0.96
Silicon 11.22 10.87 13.26 8.66 15.21 11.42
Nickel mm- 0.55 2.26 0.35 0.48
$ for individual pretreatments refer to table 3.6.3*
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3.6.2.3. Corrosion rate determinations.
Weight loss experiments were carried out after exposures 
of 67 and 250 days marine immersion. The results are presented 
in table 3.6.14, corrosion rates are based on the Kunifer 10 
alloy density of 8.90 g c m ' ^  at 20 °C (0.320 lb inch”  ^ at 
68°F).
The calculated corrosion rates for pretreated specimens 
after 67 days were approximately twice that reported after 250 
days, except for the two pretreated types H and J ( 4 0 ° C  
seawater and 40°C N a d  -150 mV). The more representative 
calculations based on the longer exposure period (250 days), 
indicated corrosion rates between 4.17 and 8.37 milli-inches 
per year (mpy). It was found that the best performance 
(corrosion resistance) was afforded by pretreatment in N a d  at 
20°C under controlled electropotential (-200 mV SCE, -150 mV 
SCE). The highest corrosion rates were recorded for specimens 
pretreated in seawater at 20°c and at 40°C under controlled 
electropotential (-200 mV SCE). The synthesis of corrosion rate 
and biofouling data indicated that the best all round 
performance came from samples pretreated in seawater at -150 mV 
SCE (20°C), with an average recorded corrosion rate of 5.31 mpy 
and no visible fouling after 250 days marine immersion. 
However, if a thin diatomaceous biofilm is acceptable (eg. on 
fish cages) then the best pretreatment would be in sodium 
chloride at 20°C under controlled electropotential (-200 mV 
SCE), where the corrosion rate was recorded as 4.17 mpy.
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Table 3.6.14. Corrosion rate data for Kunifer 10 after marine
immersion.
Code pretreatment Weight loss (mpy) Relative
(°C) (mV) solution$1 250 days 67 days biofouling$2
K 20 «•» seawater 8.37 14.63 1
F 40 -200 seawater 6.87 12.87 2
Y control 6.43 16.97 1
I 20 - N a d 6.08 15.80 1
L 40 - N a d 6.03 12.29 2/3
G 40 -150 seawater 5.96 14.04 3
J 40 - seawater 5.86 1.17 3
H 40 -150 N a d 5.70 1.17 3
E 40 -200 N a d 5.31 9.36 3
B 20 -150 seawater 5.31 12.29 1
D 20 -200 seawater 5.22 10.53 2
C 20 -150 N a d 5.06 9.95 2
A 20 -200 N a d 4.17 10.53 2
$1 electrolyte solution 3.4% N a d  or 0.22 pm filtered sea­
water (freshly collected). $2 biofouling, 1= essentially free 
of fouling, 2= thin biofilm (mainly diatomaceous), 3= thick 
biofilm (soft macrofouling).
As well as studying the effect of surface composition 
on the biofouling and corrosion of the copper-nickel alloy, 
variations in iron content of the bulk alloy were investigated. 
This part of the research was conducted as there was no 
documentation about the performance of such alloys in natural 
marine environments. With the availabilty of a range of alloys 
varying from 0% Fe to 5% Fe a straightforward marine trial was 
conducted at the immersion site - Itchenor Reach. The results, 
which consist of SEM/XPS/EDXA data, are reported in the 
following section (3.7).
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3.7. MARINE EXPOSURE OF CUPRONICKEL CONTAINING VARIOUS 
QUANTITIES OF IRON.
To investigate the effect of iron content on the 
biofouling performance of the cupronickel alloy (10% Ni), 
samples containing various amounts of iron (0, 0.5, 1.5, 2.5 
and 5% Fe) were attached to wooden panels and immersed in the 
sea at Itchenor Reach (June 1986). Specimens were retrieved 
after 1 week and 1 month, these were analysed by SEM, EDXA and 
XPS.
3.7.1. SCANNING ELECTRON MICROSCOPY.
No bacteria, diatoms or any other type of microorganisms 
were found on any of the coupons recovered after 1 week (plate 
3.7.1a-e). The surface of the pure 90/10 cupronickel alloy was 
covered in small loosely attached particles (plate 3.7.1a), 
whilst the 0.5 % Fe alloy appeared smooth and free of such 
fouling (3.7.1b); fine cracks and fissures were present over 
the surface of this specimen. The film on the 1.5 % Fe alloy 
was also cracked and large sections were visibly detached from 
the substrate (3.7.1c). Surface films on the 2.5 % and 5% Fe 
alloys were visible as entire layers (3.7.1d,e) with loose 
particulate materials on the 2.5% Fe alloy. It appeared that 
similar fouling materials were incorporated into the film on 
the 5% Fe alloy. After 1 month the surface of the pure 90/10 
cupronickel alloy was free of any fouling organisms, although 
some filamentous structures were visible ( possibly of 
bacterial origin ) and crystalline deposits were sparsely 
distributed over the film (plate 3.7.If). The 0.5% Fe alloy was 
covered in fibrous organic material (plate 3.7.2a) and although 
no microorganisms were detected, it is likely that this
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Plate 3.7.1. SEM micrographs of the surfaces of cupronickels
containing various quantities of iron after
marine immersion.
A) Micrograph of the surface of the pure 90/10 Cu/Ni
alloy, note the loosely attached particulate fouling. 
Immersion period = 1 week.
B) Micrograph of the surface of the alloy containing 0.5%
Fe, note the smooth appearance of the outerfilm. 
Immersion period = 1 week.
C) Micrograph of the surface of the alloy containing 1.5%
Fe, the outer film had become cracked and detached in 
places (due to the drying process). Immersion period = 
1 week.
D) Micrograph of the surface of the alloy containing 2.5%
Fe, note the particulate fouling and absence of any 
microorganisms. Immersion period = 1 week.
E). Micrograph of the surface of the alloy containing 5%
Fe, note the surface of the alloy was covered in loose 
particulate fouling. Immersion period = 1 week.
F) Micrograph of the surface of the pure 90/10 Cu/Ni 
after 1 months marine immersion, showing some 
filamentous structures (arrowed), possibly of bacterial 
origin.
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Plate 3.7.2. SEM micrographs of the surfaces of cupronickels
containing various quantities of iron after
marine immersion.
A) Micrograph showing the surface of the 0.5% Fe alloy
covered in fibrous organic materials.
B) Micrograph showing the surface of the 1.5% Fe alloy,
note the fouling diatoms of the species Amphora (d).
C) Micrograph showing the surface of the 2.5% Fe alloy,
no diatoms but occasional filamentous forms (f - 
possibly of bacterial origin) were detected.
D) Micrograph showing the surface of the 5% Fe alloy,
covered in loose debris and bacterial occasional 
filaments (f). Note the long fissures in the outer 
film that resulted from the drying process.
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material was biological in origin. The 1.5% Fe alloy supported 
significant numbers of the diatom Amphora sp. (plate 3.7.2b) on 
the thick outer film; no bacteria or any other diatom species 
were visible. On the 2.5% and 5% Fe alloys rod-shaped bacteria 
were absent (plate 3.7.2c), however on the 5% Fe alloy the 
surfaces were fouled with thin filamentous bacteria and loose 
particulate materials (plate 3.7.2d). The films on the 2.5% and 
5% Fe alloys were cracked and long fissures had disrupted the 
otherwise entire outerlayers.
3.7.2 VISUAL ANALYSIS.
Plate 3.7.3a shows the coupons retrieved after marine 
immersion for 1 week and plates 3.7.3b-d, 3.7.4a,b, coupons
after 1 month exposure. Note the considerable barnacle fouling 
on the wooden panels with only slight fouling of the plastic 
nuts and bolts. The filamentous green algae on the 0.5% Fe 
cupronickel alloy (plate 3.7.4a) was not attached but wrapped 
around the coupon, the only test surface to be colonised by 
macrofouling organisms (barnacles), was the 5% Fe cupronickel 
alloy. This fouling was easily removed by light finger pressure 
as compared with that on the surrounding wooden panel. Table 
3.7.1 outlines the surface.characteristics of the alloys based 
on observations made at the time of removal, with additional 
data from XPS and EDXA studies. Plate 3.7.4c shows portions of 
the retrieved specimens after 1 and 4 weeks immersion (after 
drying).
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Plate 3-7.3. Visual observations of the surfaces of
cupronickel alloys containing various
quantities of iron after marine immersion.
A) Coupons retrieved after 1 week immersion at Itchenor
Reach.
B) Pure 90/10 Cu/Ni alloy after marine immersion for 1
month, note the green corrosion products (cp) and 
fouling on the panel and plastic nut head.
C) 0.5% Fe alloy after 1 months marine immersion, the
bright areas are regions that have lost the thick outer 
corrosion product film.
D) 1.5% Fe alloy after marine immersion for 1 month, note 
the bright appearance of this specimen, fouling was 
restricted to the plastic nut head.
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Plate 3.7.4. visual observations of the surfaces of
cupronickel alloys containing various
quantities of iron after marine immersion.
A) Surface of the 2.5% Fe alloy after marine immersion for 
1 month, note the dark colouration due to the surface 
film and the absence of any macrofouling on this test 
coupon.
B) Surface of the 5% Fe alloy after marine immersion for
1 month, note the heavy barnacle fouling (b) and the 
grazing crustacean (Gammarus sp.).
C) Portions of coupons of the various Fe alloys retrieved
after 1 week and 1 months marine immersion, note
colouration of specimens after drying.
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3.7.3. ENERGY DISPERSIVE X-RAY ANALYSIS (EDXA) OF SAMPLES 
EXPOSED FOR 1 WEEK AND 1 MONTH.
EDXA of recovered samples demonstrated differences in the 
bulk film compositions of the alloys tested. Figure 3.7.1 shows 
spectra for 1 week exposed coupons, figure 3 .7.2 for those 
after 1 month exposure (traces 1-5 correspond to 0%, 0.5%, 
1.5%, 2.5% and 5% Fe respectively).
The results after 1 week immersion (figure 3.7.1) 
indicated that the iron content within the depth of analysis 
(approximately 1pm), reflected the composition of the 
respective alloys. In addition to copper, nickel and iron in 
the surface films, a trace of sulphur, calcium and chlorine 
were detected. The 2.5% Fe alloy appeared to contain the 
highest chlorine levels (trace 4).
After 1 month exposure (figure 3.7.2), all surfaces with 
the exception of 0.1% and 0.5% Fe alloys were enriched with 
iron along with traces of calcium and silicon. As the pure 
cupronickel (trace 1 ) was free of iron, it is likely that 
elevated levels on other surfaces was due to the preferential 
dissolution of other metals in the alloy or iron precipitation 
at the surface. The 0.5% Fe alloy (trace 2) showed a surface 
depletion of iron and nickel, considerably lower than levels 
recorded after 1 week. This may have been due to surface 
masking by the fibrous organic material identified by SEM. The 
calcium and silicon seen on trace 3 for the 1.5% Fe alloy were 
probably related to the fouling of the surface by the diatom 
Amphora sp. (silica frustules) and the elevated chlorine level 
on the pure cupronickel (trace 1 ), may be attributed to the 
visible copper corrosion products as shown in plate 3.7.3b 
(copper chlorides).
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Cu
CuCa
1 = 0.0% Fe, 2 = 0.5% Fe, 3 = 1.5% Fe, 4 = 2.5% F e , 5 = 5.0% F e .
Figure 3.7.1. EDXA spectra of cupronickel alloys • containing 
various quantities of iron and after 7 days marine immersion.
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Cu
Mn
1 = 0.0% Fe, 2 = 0.5% Fe, 3 = 1.5% Fe, 4 = 2.5% Fe, 5 = 5.0% Fe.
Figure 3.7.2. EDXA spectra of cupronickel alloys containing 
various quantities of iron and after 1 month marine immersion
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3.7.4. X-RAY PHOTOELECTRON SPECTROSCOPY.
The high nitrogen and carbon levels indicated the presence 
of a thick organic layer on all alloys after marine immersion 
for 1 week (table 3.7.2), the etch profile data demonstrated 
that such material comprised the majority of the outer film. 
Removal of the layer by argon ion etching revealed films rich 
in iron, thus supporting the EDXA results and clearly 
demonstrating the analytical sensitivity of the XPS technique.
Analysis of the pure 90/10 cupronickel alloy revealed 
copper and chlorine but no sodium or magnesium. This indicates 
that the chlorine was probably present as a copper complex 
rather than residual saline; nickel was absent in this film. 
The films on the 0.5% and 1.5% Fe alloys contained magnesium, 
chlorine and sodium. Stoichiometric calculations (2Mg+Na/Cl) 
indicated that there was an excess of sodium and/or magnesium. 
On the 2.5 and 5% Fe alloys, chlorine was completely absent, 
although sodium and magnesium were present. Table 3.7.3 
outlines the XPS data of specimens recovered after marine 
exposure for 1 month. Again the outer films consisted mainly of 
organic material and after removal of this layer (argon ion 
etching), the remaining films consisted of copper, organic 
materials and quantities of sodium, magnesium and chlorine; 
nickel was barely detectable. Sodium was absent on the 0.5% Fe 
alloy and whilst quantities of magnesium were found, only a 
trace of chlorine could be detected. The surface directly below 
the organic film appeared to be enriched with iron and nickel 
and as the EDXA data indicated only a trace of iron, it is 
likely that this layer was very thin. After etching of the 1.5, 
2.5 and 5% Fe alloys, the remaining layers consisted of organic
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materials (C,N,0), copper, iron, nickel and magnesium. No 
chlorine or sodium was found on any of these samples. A 
striking feature of all the analysed films (1 week and 1 month 
exposure) was that they all contained quantities of nitrogen, 
even after removal of the outer film by argon etching. This 
indicates that nitrogen containing organic materials are 
incorporated into the corrosion products on all the 
cupronickel alloys investigated.
The final section of the results includes a description of 
some cupronickels recieved from industry that had, a), 
abnormally corroded and b) abnormally fouled. As some surplus 
material was provided, a simple marine exposure trial was 
conducted at Itchenor Reach, the results of which are also 
presented in the following section.
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90/10 Cupronickel (no Fe) 1 week marine immersion 90/10 cupronickel 2.5? Fe , 1 week marine immersion
etch time (mins) 0 2 10 etch time (mins) 0 2 10
Carbon 74.58 85.06 73.51 Carbon 77.54 54.84 29.37
Oxygen 17.97 6.91 10.11 Oxygen 14.32 24.46 34.99
Nitrogen 7.24 3-25 2.80 Nitrogen 7.64 4.04 2.19
Cuprous (I) - 3-99 10.10 Cuprous (I) 0.51 4.66 8.47
Chlorine 0.21 0.79 0.59 Iron - 10.01 18.68
Sodium _ 0.48 1.81
90/10 cupronickel 0.5% Fe , 1 week marine immersion
Magnesium 0.80 1.47
etch time (mins) 0 2 10
Nickel _ 0.71 2.23
Carbon 69.77 70.12 47.25
Oxygen 25.72 14.92 24.54 90/10 cupronickel 5.0% Fe ,1 week marine immersion
Nitrogen 4.23 3.70 2.48 etch time (mins) 0 2 10
Cuprous (I) 0.19 5.64 13.02 Carbon 71 .50 51 .00 31.10
Iron - - 2.81 Oxygen 18.94 28.70 32.67
Sodium - 1.48 2.99 Nitrogen 9.24 3.29 3.43
Magnesium - 1.05 1.87 Cuprous (I) 0.20 5.49 8.63
Chlorine 0.10 2.92 4.14 Iron - 9 .88 19.16
Nickel - 0.17 0.89 Magnesium 0.12 0.62 1.40
2Mg+Na/Cl - 1.23 1.62 Nickel 1.02 3.61
/10 cupronickel 1.5% Fe , 1 week marine immersion
etch time (mins) 0 2 10
Carbon 72.74 49.81 39.78
Oxygen 18.41 27.57 28.79
Nitrogen 8.50 3.84 3.03
Cuprous (I) 0.35 7.58 10.03
Iron - 9.10 13.60
Sodium - 0.34 0.82
Magnesium - 0.58 1.51
Chlorine - 0.61 1.18
Nickel - 0.58 1.26
2Mg+Na/Cl — 2.46 3.25
Etch rates approximately 1.24 nm per minute (see chapter 2).
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Table 3.7.3. Composition of films on
immersion for 1 month.
Kunifer 10 after marine
)/10 cupronickel 0.0% Fe , 1 month marine immersion 90/10 cupronickel 2.5% Fe , 1 month marine immersion
etch time (mins) 0 2 10 etch time (mins) 0 2 10
Carbon 58.34 27.59 26.65 Carbon 64.34 30.89 16.87
Oxygen 29.41 29.02 26.75 Oxygen 26.05 42.53 40.36
Nitrogen 11.28 4.24 3.17 Nitrogen 8.71 3.98 2.71
Cuprous (I) 0.40 32.14 33.44 Cuprous (I) 0.90 5.50 8.34
Sodium 1.13 3.59 Iron 13.50 23.63
Magnesium - 2.56 2.07 Magnesium 1.48 1.74
Chlorine 0.57 2.87 3.89 Nickel 2.12 6.36
Nickel - 0.45 0.44
2Mg+Na/Cl - 2.17 1.99
H O  cupronickel 0.5% Fe , 1 month marine immersion 90/10 cupronickel 5.0% Fe , 1 month marine immersion
etch time (mins) 0 2 10 etch time (mins) 0 2 10
Carbon 57.40 33.41 25.93 Carbon 62.93 33.06 26.52
Oxygen 30.65 31.92 23.12 Oxygen 26.07 44.32 43.56
Nitrogen 10.79 5.39 3.79 Nitrogen 11.00 4.72 3.16
Cuprous (I) 1.16 14.17 23.72 Cuprous (I) _ 4.34 5.43
Iron - 6.69 10.57 Iron 11.24 16.73
Magnesium - 1.57 2.47 Magnesium 1.16 1.21
Chlorine - 0.28 - Nickel 1.15 3.40
Nickel - 6.56 10.40
'10 cupronickel 1.5% Fe , 1 month marine immersion
etch time (mins) 0 2 10
Carbon 74.69 36.42 28.68
Oxygen 18.70 50.79 52.14
Nitrogen 6.20 4.79 4.02
Cuprous (I) 0.40 2.80 3.81
Iron - 3.81 8.38
Magnesium - 0.83 1.77
Nickel _ 0.56 1.19
Etch rates approximately 1.24 nm per minute (see chapter 2).
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3.8. ANOMALOUS CORROSION AND BIOFOULING OF CUPRONICKEL FISH- 
CAGE MESH.
Two specimens of cupronickel mesh were received for 
investigation : the first had corroded to such an extent that a 
hole had developed in the mesh. The other specimen had not 
failed from a corrosion viewpoint but supported a dense 
biofouling community.
3.8.1 Description of the fish mesh.
The material was standard 90/10 cupronickel alloy hexmesh 
with 76% open area, 73% vertical (Trefimetaux) (plate 3.8.1a). 
The specimen of corroded mesh for analysis was part of a fish 
enclosure used for rearing salmon in a Norwegian fjord (plate 
3.8.1b). A single hole approximately 20cm in diameter (plate 
3.8.1c) was present in the mesh. The piece had been situated 
adjacent to a heavily fouled, glass reinforced plastic support 
near a top corner of the enclosure. Environmental conditions at 
the site were considered to be normal for the locality, 
salinity (28-32%.) and temperature appeared to be within the 
expected limits. The mesh surrounding the hole had uniformly 
corroded, there was no evidence of selective attack at the 
cusps in the mesh but at the failed edge, the mesh had been 
smoothed to fine tapered points. A dark emerald green corrosion 
product covered the mesh surrounding the hole (plate 3 .8 .1c). 
X-ray diffraction of this material indicated the presence of 
the basic chloride (Cu2 (OH)3Cl) paratacamite. Removal of this 
loosely adherent corrosion product revealed a brick-red inner 
layer and x-ray diffraction showed this to be pure cuprous 
oxide (Cu20).
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Plate 3.8.1. Kunifer 10 hexmesh.
A) Standard Kunifer 10 hexmesh.
B) Fish-cage fabricated with hexmesh, note the fouling on 
the glass reinforced plastic supports (reproduced with 
permission of INCRA).
C) Hole in fish-cage mesh showing corrosion products,
green paratacamite (p) and red cuprous oxide (c). Note 
the thinning of the mesh forming fine points.
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Scanning electron microscopy of the mesh (plate 3.8.2) 
clearly showed the presence of a diverse microfouling community 
consisting of diatoms, (eg. Amphora, Navicula spp.) coccoliths 
(Emiliania hux 1 ey i) and bacteria on the surface of the 
paratacamite. Copious quantities of mucilage, secreted by the 
infesting microorganisms, was visible as long stands or large 
sheets (plate 3.8.2b-d) blanketing the outer corrosion layer. 
Plate 3.8.2e shows the various layers present on the corroded 
mesh consisting of an outer film of diatoms, bacteria and 
debris etc., cemented by mucilaginous secretions. Beneath this, 
a thick crust of the basic chloride covered a homogenous 
crystalline cuprous oxide layer (depicted in plate 3.8.2f). On 
the non-corroded mesh adjacent to the failed area a similar 
microfouling community of diatoms and bacteria was visible 
amongst the corrosion products (plate 3.8.3a,b).
The second sample of mesh was part of a fish enclosure 
from Loch Carron (N.W. Scotland), plate 3.8.4 shows a typical 
portion of the fouled mesh. The macrofouling was dominated by 
the bivalve mollusc Mytilus sp. (pelecypoda), two sizes of 
mussel were recorded (<6mm long and <18mm long), evidence of 
continual recruitment and indicating the low toxicity of the 
substrate. Both sides of the mesh had become fouled, the outer 
more so. It seemed that the successful colonisation was mainly 
due to threadlike filaments secreted by the mussels (byssus - 
proteinaceous threads elastic in property), which anchored 
individuals to the mesh and to each other. The resulting mat 
was easily removed by brushing but it is unlikely that natural 
perturbation would have been sufficient to remove the mussels 
due to the sheltered nature of the location (protected sea loch) .
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Plate 3.8.2. SEM micrographs of the surface of biofouled and
corroded Kunifer 10 fish-cage mesh.
A) Micrograph showing a mixed community of diatoms (d) and 
coccolithophorids, mainly Emiliania huxleyi (e). Note 
also the corrosion products (cp).
B) Cracked biofilm showing the thick outerfilm containing 
diatoms (d), note that the drying process has caused 
the shrivelling of the outer mucous sheet.
C) Micrograph showing attached diatom and associated 
mucilage (m).
D) Micrograph showing large mucous sheets and corrosion
deposits.
E) Micrograph showing a portion of the outer 
fouling/corrosion film, note the corroded appearance of 
the alloy (a), the outer film of insoluble paratacamite 
(p) and the inner crystalline deposit of cuprous oxide 
(c). The outermost layer is fouled by the 
microorganisms.
F) Micrograph showing detail of the film structure, note 
the cleary visible crystalline structure of the cuprous 
oxide (c) and the thick outer layer of paratacamite 
(P) .
Scale bar for B as A.
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Plate 3-8.3. SEM micrographs of the surface of heavily
fouled Kunifer 10 fish-cage mesh showing
various diatoms and bacteria.
A and F - Micrographs of Amphora spp.
B) Micrograph showing bacteria (b) amongst the corrosion 
products.
C to E - Micrographs showing various unidentified diatoms 
attached to the corrosion products on the hexmesh.
Scale bar for A, c - F = 2 pm.
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Plate 3.8.4. Heavily fouled Kunifer 10 fish-cage mesh after
marine immersion in Loch Carron (N.W. Scotland).
A) View from the outside of the cage showing the mussel 
fouling to be mainly on the exposed face of the cage. 
Note the range of mussel sizes, indicating that the 
surface toxicity had been lost for some considerable 
time enabling at least two batches (spats) to settle.
B) View from the inside of the cage showing the many 
byssus threads that attach the mussels to the mesh.
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Areas of the mesh were covered by green corrosion deposits 
(paratacamite) but the cuprous oxide crystals seen on the 
corroded Norwegian mesh were absent. SEM investigations 
revealed the presence of a microfouling community dominated by 
members of the Bacillariophyceae (diatoms), plate 3.8.3c-f.
At the time of investigation, it was difficult to 
ascertain the aetiology of the corrosion observed on the 
Norwegian mesh and the biofouling of the Scottish mesh. As the 
cages had been removed from the water it was impossible to 
study the material "in situ", so portions of the mesh from the 
dismantled cage at Loch Carron were brushed clean of fouling 
and loose corrosion products then immersed in the sea at 
Itchenor Reach alongside the exposure panels (Feb. 1984). After 
4 weeks immersion portions were recovered. SEM investigations 
revealed mucous slimes containing microfouling organisms, again 
these were dominated by the diatoms; species included Amphora, 
Nitzschia, Cocconeis and Odontella spp.. Acid-cleaned mesh (10% 
v/v H 2SO4 10 mins, then M-Q rinsed) immersed alongside was 
fouled by only 2 species of diatoms, Amphora and cocconeis. The 
lack of species diversity on the acid-cleaned mesh was thought 
to be due to higher copper leaching rates thus enabling only 
the most copper tolerant species to settle on the alloy; 
however, there was no measurable significant difference in the 
polarisation behaviour of acid-cleaned and brushed mesh after 
the 1 month exposure period (both surfaces passivated).
Samples of the brushed mesh were left at the exposure site 
for further investigations and after 8 months became infested 
with the colonial hydroid Tubularia sp. (plate 3.8.5a,b). Over 
winter the red polyps degenerated and only the stolons
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remained. Growth over the next season was rapid and new polyps 
developed to a mature colony within 4 weeks. The fouling 
Tubularia continued to dominate the mesh throughout the fouling 
season. Green copper .corrosion products were visible after 12 
months marine exposure (plate 3.8.5c) and at the cusps the 
alloy appeared bright, free of any thick oxide films or 
diatomaceous slimes.
Twelve months later (i.e. 2 year total exposure time) the 
mesh had visibly corroded, thinning had occurred and the 
surface was riddled with blemishes (plate 3 .8 .6a); the patchy 
brown films were found to be diatom slimes (Amphora rich). The 
cusps of the mesh had become fouled by Jassa sp. and associated 
debris (plate 3.8.6b). Alongside the fouling material, green 
copper corrosion products were visible within the surface pits 
(plate 3.8 .6c) and notches had developed in some of the cusps 
(plate 3.8.6d) indicating poor cathodic inhibition. 
Explainations for this previously undocumented corrosion and 
fouling of the cupronickel are considered in the discussion 
chapter which now follows.
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Plate 3-8-5. Heavily fouled Kunifer 10 fish-cage mesh after
immersion at Itchenor Reach.
A) Kunifer 10 mesh supporting massive infestation of
Tubularia sp.
B) Detail of Tubular ia, note erect stolon (s) and 
reproductive polyp (p).
C) Kunifer 10 mesh after 12 months marine immersion, note 
corrosion products and bright regions at the cusps of 
the mesh.
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Plate 3.8.6. Detail of corroded Kunifer 10 mesh after marine
immersion for 2 years.
A) Shows bright unfouled regions and overall thinning of
the mesh
B) Detail of mesh cusp fouled by the organism Jassa sp.
(arrowed).
C) Detail of surface blemishes on the mesh (arrowed) note 
the heavily fouled adjacent region.
D) Detail of mesh cusp showing "nick point" where active
localised corrosion has occurred (arrowed).
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CHAPTER FOUR - DISCUSSION.
Within the research outline an attempt has been made to 
complete the investigations, the following chapter covers the 
more significant points that have arisen from the research.
4.1. Organic Extraction and Adsorption studies.
The results of the organic extractions (section 3.1) 
indicated that protein levels present in the high molecular 
weight fractions varied from month to month with seasonal 
maxima early in the year. This may be related to increased 
productivity during the spring ie. the rapid growth of 
microscopic plants and animals, generally termed the plankton 
bloom (Makinnon, 1981).
The recorded concentrations of protein in the extracts 
indicated a fairly narrow range (28-150 ng 1“ )^. Levels for 
natural seawater have been estimated at about 150 pg l"1 for 
free and combined materials of which 1-20 pg 1“  ^ comprised 
individual amino acids (Williams, 1975). Thus the protein 
fraction in the recorded extracts is small as compared with 
that in seawater. However, it must be appreciated that the 
protein fraction of the extracts consists of molecules with 
molecular weights equal to, or exceeding one thousand and the 
assay conducted by Williams (1975) included the fraction below 
1000 molecular weight. Moreover, research by Edwards (1982) 
indicated that the fraction below 1,000 molecular weight 
constitutes a very large proportion of the dissolved organics.
The carbohydrate levels in the extracts (average value 
340 pg l”-*-) compared favourably to the levels in seawater (200- 
600 pg I"1) as estimated by Williams ( 1975). The carbohydrate 
assay indicated that the extracts contained approximately 3
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orders of magnitude more sugar units than protein. Thus it 
appears that the organic fractions isolated were mainly 
composed of large molecular weight carbohydrate materials with 
only a small protein component. This finding is in accordance 
with the previous studies of Edwards (1982). The seasonal 
maxima for carbohydrate levels in the extracts coincided with, 
or closely followed the seasonal protein maxima.
The seasonal differences in the organic extracts were also 
noted by their infrared absorbing characteristics. The broad 
adsorption bands suggested mixtures of polyfunctional 
macromolecules, the most prominent absorption bands indicated 
the presence of C-0, 0-H, N-H and C-H functions of
carbohydrates and amide groups (proteinaceous molecules or urea 
condensates). For large molecules such as proteins, there are 
so many groups with slightly different character that the 
result is a spectrum of extremely broad bands, however some 
fine structure may be determined although the usefulness is 
limited to comparison or recognition rather than structural 
determination.
It is interesting to note that the chloroform-emulsion 
extraction technique resulted in material (albeit in much 
smaller quantities), with stronger adsorption characteristics 
and additional peaks corresponding to amide II, -NH, -OH and 
-CH functions. These spectra showed similarities to those 
produced by Edwards (1982) for extracted dissolved marine 
organic matter. This suggests that the two techniques 
(ultrafiltration, chlorof orm-emuls ion extraction) yielded 
materials with significantly different characteristics.
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Using XPS to investigate the characteristics of the 
adsorbed extracted materials, it was clear that the technique 
was sensitive enough to reveal information regarding the 
possible nature of the adsorbing macromolecules. On Kunifer 10 
it was noted that the characteristics of the carbon Is 
photoelectron peak envelope changed with length of immersion 
time, from a narrow peak with a binding energy maximum of 
approximately 284 ev through various stages of broadening to a 
peak with a higher binding energy maximum of approximately 286 
ev. This represents a change in the nature of the analysed 
carbon, suggesting an increase in carbon bonded to more polar 
atoms.
Peak fitting has shown the presence of three or more 
types of chemical bonding; cl type bonds at approximately 284 
eV representing C-H and C-C formations, C2 bonds at 
approxmately 286 ev representing the c-0 component and at 
higher binding energies, (288-290 ev), C=0 and 0-C=0 type 
bonds. From the reported ratios of the individual portions 
representing the various bond types (Cl,C2 and C3) it is 
difficult to reconcile the existence of any macromolecules with 
such electropositive character, particularly when previous 
knowledge of such adsorbing molecules is considered (figure 
4.1).
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Figure 4.1. Hypothetical structure of seawater humic substances 
with amino acid (AA), sugar (S), amino sugar (AS) 
and fatty acid moieties incorporated. The dashed 
lines represent sites of bond formation of these 
molecules (Gagosian and Stuermer, 1977).
Due to the surface sensitive nature of the XPS technique, 
(surface analysis depth of about 1-2 nm) it is possible that 
the broad carbon photoelectron peaks with predominant C2 type 
bonding represents an outer polar fraction of the adsorbed 
molecules. Such portions of the molecule are more likely to be 
drawn towards the outermost region of the film due to their 
inherent hydrophilic nature, however such portions are also 
likely to be found at the interfacial region (alloy/adsorbing 
molecule) as metal hydroxides will react favourably with such 
groups. Thus it appears that the adsorbing organic 
macromolecules may also orientate themselves with polar groups 
interacting with the metal hydroxides of the alloy surface. It 
is likely that such hydrophobic portions of the molecules 
become 1 sandwiched" between the polar groups at the alloy 
surface and hydrophilic groups at the water/molecule interface
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(figure 4.2.), in effect resulting in a membrane/bi layer 
configuration of total thickness estimated at approximately 8-9 
nm. Thus the characteristic broadening of the carbon 
photoelectron peak and shift to higher binding energies may be 
interpreted as representing only a portion of the adsorbed 
molecules namely the outermost polar regions. The above 
suggestion may well be verified for adsorbed marine organics on 
the Kunifer 10 alloy by investigating such adsorbed molecules 
using a n g ul a r r e s o l u t i o n  t e c h n i q u e s  and c o n t a c t  
angle/ellipsometry investigations (see suggestions for further 
work). This molecular arrangement may well be the reason for 
the observed layering of biofilm and corrosion products 
(visualised by TEM) and thus may influence the mechanical 
properties of such films.
seawater
polar side chains
long
chained
organic
macromolecule
hydrophobic
region
Jpolar region
alloy surface
Figure 4.2 Proposed orientation of adsorbed marine organic 
materials.
Because of the mutual rejection of the polar portions of 
individual molecules and between adjacent molecules, it is 
possible that the surface coverage of dissolved organic 
materials upon short marine immersion is patchy as suggested by
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Schrader (1982). The carbon bonded to more polar atoms may, in 
this case, be representative of the degree of surface coverage, 
with Cl type bo n d s  m a i n l y  i n d i c a t i v e  of a d v e n t i t i o u s  
hydrocarbon materials. After longer immersion periods, the 
amount of C2 and C3 b o n d e d  c a r b o n  i n c r e a s e s  w i t h  a 
corresponding increase in the nitrogenous component of the 
analysed film. Narrow scan investigations reveal a considerable 
broadening of the nitrogen Is photoelectron peak and fitting 
indicates that possibly 3 components exist (see section 3.4). 
The m a j o r  p o r t i o n ,  N1 at a b o u t  401.9 e v  is p e r h a p s  
representative of the N-H b o n d s  of p e p t i d e  li n k s  b e t w e e n  
individual amino acids of the protein component, peak N2 at 
about 403 ev relates to strongly electronegative bonding (eg. 
nitrate) and N3, at about 400 ev representing amine or similar 
bond types. Correcting for surface charging of the analysed 
specimen would reduce the apparent binding energies by about 
1-1.5 ev.
XPS investigations of the nitrogen Is photoelectron peak 
showed an initial dependence in the level of adsorbance of the 
organic materials onto the Kunifer 10 with concentration. In 
very concentrated organic extracts, the Kunifer 10 became  
covered in thick layers of organic material, this resulted in a 
loss of the c o p p e r  X - r a y  p h o t o e l e c t r o n  s i g n a l  due to 
attenuation. After pretreatment in dilute extract solutions, a 
cuprous s i g n a l  w a s  r e c o r d e d ;  p r e t r e a t m e n t  in h i g h l y  
concentrated extracts resulted in a p redominant change to 
cupric or attentuation of signal due to the thick adsorbed 
layers. The adsorbed organic molecules may, because of their 
charge orientation and spatial arrangement, act in a similar
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manner to an ion-exchange resin, with a consequent inclusion of 
mineral deposits (seen in the TEM sections).
4.2. Electrochemical studies.
It appears from the results that the loss of passivation 
of Kunifer 10 in low-oxygen seawater environments may be 
attributable to the presence of dissolved organic material. 
Castle, parvizi and chamberlain (1982) and Parvizi (1985) 
suggested that loss of passivation may be due to the presence 
of biological matter.
The hig h  m o l e c u l a r  w e i g h t  e x t r a c t s  s i g n i f i c a n t l y  
influenced the cathodic reaction (normally oxygen reduction) in 
oxygen deficient media, one possibilty is that the molecules 
themselves act as electron acceptors. Rashid (1972) suggested 
that the electron mobility within such molecules bound to the 
metal may be attributed to quinone and free radical sites. 
Shindler (1967) noted that similar molecules may act as an 
extracellular substitute for the transport of electrons in 
biochemical redox reactions. The oxidation-reduction potential 
of such molecules was estimated to be in the range of 500-700 
mV (Visser, 1964).
An a l t e r n a t i v e  v i e w  is that D O M  may, u n d e r  o x y g e n  
deficient conditions lead to the formation of hydrogen sulphide 
(McCartney, 1964) as shown in figure 4.3. and sulphides are 
known to enhance the reaction (Sanchez and Schiffrin, 1982). 
Isolated copper tolerant, sulphate reducing bacteria (SRB) were 
also able to sustain the cathodic process. In this case the 
likely active species was hydrogen sulphide.
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1 2
D O M — ►  ACETATE — ►: HYDROGEN SULPHIDE + CARBON DIOXIDE
1 = hydrolysis and fermentation.
2 = sulphate acts as hydrogen (and electron) acceptor.
Figure 4.3. Potential formation of hydrogen sulphide, from 
dissolved organic material.
Microbiologically sulphate can be reduced intracellularly 
to hydrogen sulphide (Roy and Trudinger, 1970), whilst other 
microorganisms possess the ability to reduce sulphur of low 
oxidation s t a t e s .  0  r ga n o - s u lph u r c o m p o u n d s  s u c h  as 
cysteine/cystine, biotin, glutathione etc. are also used by 
marine animals and can be converted into organic acids. In the 
diatom Nitzschia alba sulphur-containing amino acids eg. 
cysteine and methionine may act as primary precursors of 
glycerosulpholipids, cell lysis would release such compounds 
into the immediate environment (eg. at the m e t a l / b i o f i l m  
interface), c y s t i n e  (figure 4.4) m a y  als o  be r e l e a s e d  by 
bacterial action. Many seaweeds also contain cystine and algal 
decay will liberate such materials (demonstrated as early as 
1928 by Harvey). Cystine even at concentrations as low as a few 
ppm, under the right conditions will accelerate the corrosion 
pitting of non-ferrous metals (Rogers, 1968).
It is i m p o r t a n t  to a p p r e c i a t e  that this f o r m  of 
biologically induced corrosion does not require the organism to 
be present at the corrosion site. Rogers (1968) commented that 
sulphur groups are capable in certain conditions, of reversible 
oxidation-reduction reactions. Thus cysteine (figure 4.4), in 
alkaline solution, in the presence of oxygen and traces of 
various metals to act as catalysts, is oxidised to cystine. 
Copper is one metal able to catalyse this reaction and is 
effective in minute concentrations. Glutathione (a stable
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complex of the three amino acids cystine, glycine and glutamic 
acid) is also capable of similar behaviour (contains -SH 
group). Sulphur originating from petroleum and/ or fuel oils 
has also been detected in marine molluscs and isopods (Lake and 
Hersher, 1977), such accumulations may occur in the epibenthic 
communities of both heavily congested coastal waters and 
around offshore oil platforms.
CH« - S  -  S — CH,
H2N-CH
l
COOH
H-C-NH,
I
COOH
disulphide/oxidised
CH2- S H
i
c h 2 n h 2
I
COOH
m ercaptan/reduced
Figure 4.4. Cystine and its corresponding mercaptan form 
cysteine.
In chapter 3.3. considerable shifts in the corrosion 
potential of K u n i f e r  10 w e r e  o b s e r v e d  w h e n  e l e c t r o l y t e s  
contained organic extracts or SRB (see later). In addition 
changes in the anodic corrosion current were observed, both 
specimens in organic-free (photo-oxidised) seawater and in 
solutions w i t h  a d d e d  e x t r a c t  b e c a m e  p a s s i v a t e d ,  h o w e v e r  
corrosion currents were higher in the presence of organic 
molecules possibly due to metal complexing, driving the .forward 
reaction viz: Me = M e n+ + n e ” , or substituting for oxygen in 
the cathodic half-reaction (electron scavenger).
The results of the impedance investigations sho w e d  that 
highly resistive passivating films form naturally on Kunifer 10 
in seawater, values of 5.1 kQ c m " 2 and 39 kft c m - 2  for 3 and 13
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days immersion were calculated. Parvizi (1985) found the 
corrosion resistance of Kunifer 10 in seawater at slight 
cathodic potentials (-320 mV SCE) to be 20.3 k f i c m " 2 , whilst 
Macdonald, syrett and Wing (1978) recorded values for freely 
corroding c u p r o n i c k e l  of 1 kfi c m ” 2 a fter 308 h o u r s  in 
oxygenated, flowing seawater. The higher values for corrosion 
resistance in this study were due to the use of static seawater 
conditions so that the diffusion layer was much thicker. The 
measured film capacitance for a freshly imme r s e d  Kunifer 10 
sample in aerated seawater was approximately 16.5 uF c m ” 2 and 
decreased to 93 nF c m ” 2 after 72 hours and 8 nF c m ” 2 after 13 
days. Macdonald £t al. (1978) recorded film capacitances of 8 - 
10 pF c m ” 2 for 90/10 cupronickel in flowing seawater, they 
suggested that their values are well below the expected range 
of 20-40 pF c m ” 2 for the electrical double layer. The results 
of the present study showed that such film capacitances in 
static s e a w a t e r  s y s t e m s  w e r e  a t t a i n e d  o n l y  u n d e r  
electrochemical control, a figure of 34 pF cm “ 2 was derived 
for Kunifer 10 pretreated in seawater at the critical anodic 
current point (-40 mV SCE). The most significant changes in 
capacitance occurred in a region between -150 mV SCE and -200 
mV SCE corresponding to potentials at which iron-rich and 
cuprous chloride rich layers form respectively. The development 
of such films is reflected in the data obtained for charge 
transfer resistance (Ret). At -150 mV SCE this was 1.56 k 
Q cm”2, whilst at -200 mV SCE, the film resistance increased 
dramatically to 43.7 kfi c m ” 2, parvizi ( 1985) derived values of 
between 9.6 and 13.2 kfi c m " 2 for Kunifer 10 p retreated at -150 
mV SCE. No data was available for experiments at -200 mV  SCE.
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Thus from this study it is clear that the passivating films 
formed at -200 mV SCE in s e a w a t e r  are c o n s i d e r a b l y  m o r e  
resistive to charge transfer than those that form at -150 mV 
SCE.
The effect of sulphide on the impedance characteristics 
has been investigated by Macdonald et al. (1979) however, to 
date the present study is the first to be made on the effects 
of extracted high molecular weight dissolved marine organic 
material on the behaviour of Kunifer 10. The initially high 
charge transfer resistance for samples in polluted seawater 
collapsed when samples were anodically polarised (-150 mV SCE). 
The film characteristics changed from highly resistive to 
that of a low resistance shunted capacitor. Even when left to 
repassivate for 5 days, onl y  s l i g h t  c h a n g e s  in Ret w e r e  
recorded. Cathodically protecting the specimens resulted in 
minimal increases in Ret, whilst the film capacitance decreased 
100 fold. Such high initial film resistances were never 
recorded for organically pretreated samples (69 Q c m " 2 after 24 
hours), a l t h o u g h  the f i l m  c a p a c i t a n c e s  w e r e  v e r y  high. 
Macdonald et al. (1979) suggested that such high capacitance in 
the p r e s e n c e  of d i s s o l v e d  s u l p h i d e  is a p r o d u c t  of 
pseudocapacitance, a s s o c i a t e d  w i t h  the e l e c t r o c h e m i c a l  
adsorption of sulphide ions onto the alloy surface. It seems 
likely that adsorbed organic molecules are responsible, in a 
similar fashion, for the high capacitances recorded in this 
investigation.
The Nyquist plot of impedance data showed distorted 
semicircles with centres below the real axis (z'), this is 
characteristic of s y s t e m s  that e x h i b i t  a d i s t r i b u t i o n  of
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relaxation times (Macdonald et .al., 1979) and in this case
result f r o m  f i l m  h e t e r o g e n e i t i e s  as the b i o f o u l i n g  and 
corrosion products form on the alloy surface. Mueller (1982) 
considered that adsorbed molecule layers do not form tightly 
packed s t r u c t u r e s  and a large n u m b e r  of h o l e s  exist, 
facilitating processes such as charge transfer.
Neihof and Loeb (1976) suggested that differences in the 
composition or thickness of adsorbed films might explain the 
variations in corrosion rates of the same metal at different 
sites.
The AC and DC electrochemical investigations of the study 
have provided evidence that like sulphide, dissolved marine 
organic materials adsorbed onto the Kunifer 10 may result in 
loss of passivity in seawater containing transient oxygen 
levels. Macdonald et a^ L. (1979) showed that the primary effect 
of sulphide is to induce a loss of anodic pas s i v i t y  (sharp 
decrease in polarisation resistance) and a sudden shift of the 
corrosion potential (icorr) towards the active direction. In 
this study, considerable shifts were recorded for Kunifer 10 in 
sodium chloride or seawater with added organic extract and in 
the presence of SRB, thus enabling corrosion to occur via the 
reduction of hydrogen ions or water as the partial cathodic 
process, or as previously mentioned, organic m o l e c u l e s  act as 
substitutes for oxygen at cathodic sites. Ateya et al.. (1984) 
interpreted the shift in electrochemical data (Tafel plots), as 
representative of the d e g r e e  of s u r f a c e  c o v e r a g e .  An 
alternative mechanism suggested by Macdonald et: aJL. (1979) is 
that dissolved sulphide was first oxidised to e l e m e n t a l  
sulphur, t h i o s u l p h a t e  a n d / o r  p o l y s u l p h i d e  i o n s  (eg.
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tetrathionate), by trace amounts of dissolved oxygen, and 
recently P a r v i z i  ( u n p u b l i s h e d  results) has f o u n d  that 
thiosulphate at 10 ppm (in 3.4% N a d )  accelerated the corrosion 
rate of Kunifer 10. In the investigations of Macdonald ej: a l . 
(1979), this was less likely because of the rigorous control of 
experimental procedures, however it is a plausible explanation 
for the results reported in this thesis. Another view is that 
adsorbed, polyfunctional, organic macromolecules on the Kunifer 
1 0  alloy may in some way interfere with the passivation process 
when oxygen levels become depleted, particularly as Cu(ll) 
organic c o m p l e x e s  m a y  be f o r m e d  (Nelson, 1985 ); thus  
interfering with the formation of cathodically inhibiting 
layers, cu(ll) rapidly binds to polar molecules (or ions) and 
chelated products have proved to be t h e r m o d y n a m i c a l l y  very 
stable (Rashid, 1985). The role of marine humic c o m pounds in 
complexing copper has been examined by Rashid (1971) and Rashid 
and Leonard (1973). Gamble and Schnitzer (1973) suggested  
possible linkages involving organic compounds (figure 4.5.). 
The complexing capacities of organic materials in natural 
waters are outlined in table 4.1.
Figure 4.5. Possible linkages involving Copper and organic 
molecules.
o
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Table4.1. A summary of Copper-Complexing capacities attributed 
to Organic matter in seawater, (adapted from a 
compilation by Mantoura, 1981).
SAMPLE LOCATION COMPLEXING CAPACITY
Ogeechee Estuary (USA) 
Boston Harbour (USA) 
Pacific Ocean (Aus) 
North Sea (Holland) 
Coastal fjords (Can) 
Narragansett Bay (USA) 
Sargasso Sea 
Vineyard Sound (USA) 
Sannich Inlet (CAN) 
Eutrophic marine marsh
Mean complexing capacity
$1
0 .0-0.5 (0.2) 
0.46-0.60(0.53) 
0.01 
0.36
0.13-0.60(0.42)
0.04-0.27
0.05
0.11
0.25
0.50
0.50
$2
0.0-0.38(0.09)
0.014
0.30
0.02-0.09
0.094
0.055
0.094
METAL COMPLEXING CAPACITIES
Estuarine marine waters 0.27
Inland waters 1.35
Sewage 4.63
Marine humics 0.28
Swampy river humics 5.67
NTA (model system) 3.77
EDTA (model system) 2.81
0.093
0.168
0.208
25.57
13.89
8.33
$1 pM of complexed metal per litre assuming 1:1 metal binding 
stoichiometry, averages in parentheses.
$ 2  normalised values for complexing capacity in t erms of 
dissolved organic carbon concentration (pM per litre).
NTA = nitrilotriacetate, EDTA = ethylenediaminotetra-acetate.
The results of the electrochemical investigations suggest 
that dissolved high molecular weight marine organic materials 
may influence the polarisation behaviour of the Kunifer 10 
alloy in seawater under transient oxygen conditions. This 
action is similar in effect to the action sulphur species 
encountered in polluted seawaters and thus caution must be 
exercised over the use of the alloy in seawaters heavily loaded 
with organic materials and/or sulphide.
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The effect of the organic molecules on the alloy is likely 
to result from interactions with the materials that form the 
passivating films and this probably occurs by chelation or 
complex formation. Alternatively the organic molecules may 
cause b r e a k d o w n  in the p a s s i v a t i n g  l a y e r s  by a c t i v a t i n g  
cathodic sites and thus stimulating the corrosion process (see 
later) .
4.3. Fouling Behaviour.
The results of the fouling studies on the untreated 
Kunifer 10 indicated that surfaces were essentially free of 
microorganisms (bacteria and diatoms), for the first few days 
of immersion. The major survey carried out in 1985 showed that 
bacteria colonised the Kunifer 10 after 72 hours, whilst  
research undertaken in 1984 showed only limited colonisation 
for the first 4 weeks. Parallel research on AISI 316 stainless 
steel (Barrett, unpublished results) indicated that bacteria 
colonised the surfaces within the first 6 hours of i m m e r s i o n  
(>200 bacteria mm"^), whilst Kunifer 10 was apparently still 
free from contaminating microorganisms. This indicated that 
potential colonising bacteria•were present in the surrounding 
waters but found the Kunifer 10 an unsuitable surface for 
settlement. Marszalek et al. (1979) have perhaps been the only 
researchers to report colonisation by marine bacteria on 
Kunifer 10 after 4 hours immersion. They identified rod-shaped 
bacteria and microcolonies were evident after 1 week. More 
recent wo r k  by B l u n n  and J o n e s  (1984,1985), u s i n g  b o t h  
scanning and transmission electron microscopy indicated that 
initial colonisation took place after 15 weeks on Kunifer 10
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immersed in the Thames estuary and after 22 weeks in Langstone 
harbour ( a d jacent to C h i c h e s t e r  harbour). The s u r f a c e  
composition of the Kunifer 10 undoubtedly determines the rate 
and type of f o u l i n g  that occurs. In the e a r l y  s t a g e s  of 
immersion, the copper levels are intolerably high to biological 
foulers and the major components are found to be corrosion 
fouling, organic molecules and inorganic deposits such as clay 
minerals (perhaps attracted by the charged .groups of the 
organic molecules).
The present study showed that in the early stages of 
exposure the initial process that occurred on the Kunifer 10 
were (i) the spontaneous adsorption of organic molecules and 
(ii) the initiation of corrosion film formation. This led to 
the development of thick organic/corrosion product films, with 
an outer organic layer (visualised by SEM/XPS) and an inner 
matrix of corrosion products and organic molecules (XPS, 
sequential etching and EDXA). Epler and Castle (1981) and 
Castle et al. (1983) using XPS, reported that organic materials 
were incorporated into the films that formed on Kunifer 10 
after exposure in seawater aquaria. Kristoffersen et al. (1982) 
used a variety of analytical techniques to analyse the surface 
films that form on metals in seawater. Their results support 
the observations presented in this thesis, namely that organic 
films adsorb to metal surfaces i m mediately on exposure to 
seawater. Zsolnay and Little (1983,1985) used mass pyrolysis 
techniques and demonstrated that adsorption of organics in 
seawater was a selective process.
TEM results presented in section 3.4. showed that the 
early-formed organic corrosion product films on Kunifer 10 were
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arranged in layers. Sections through such films indicated that 
bacteria became sandwiched in narrow sheets or tubes between 
alternating layers of corrosion products. Thus whilst the 
surface may appear free of fouling organisms, it is possible 
that specialised biofilms develop within the corrosion film. 
Blunn and Jones (1985) using TEM techniques dem o n s t r a t e d  a 
similar arrangement on Kunifer 10 immersed in seawater.
The first main diatom populations were seen after 4 weeks 
immersion, A m p h o r a , the principal fouling diatom, compl e t e l y  
dominated the surface from 4 to 24 weeks exposure. At this 
stage, the surface of the Kunifer 10 was covered in thick 
mucilaginous secretions and incorporated mineral deposits. 
The copious quantities of mucilage produced by the settling 
organisms and the continual incorporation of silt and organic 
detritus resulted in a fouling layer visible to the unaided 
eye. Blunn and Jones (1984) reported that A m phora was the 
dominant fouling species on cupronickel panels after immersion 
in Langstone harbour (Hampshire, U.K.) and in marine tanks, 
although their first report of diatom colonisation was at a 
later time of 25 weeks.
The first signs of natural exfoliation on the Kunifer 10 
was noted after 9 months immersion (see later), however the 
clean surface was rapidly recolonised and included macrofouling 
organisms such as the barnacle c h t h a l a m us s t e l l a t u s . pyefinch 
and Mott (1948) demonstrated that the settlement of barnacles 
can be prevented by very low concentrations of copper (0.03 
mg 1”-*-). Thus interfacial copper levels must have declined to 
very low levels; Andrew, Biesinger and Glass (1977) noted that 
organic complexing agents greatly reduce metal toxicity. The
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reduced toxicity is related to the stability constants for the 
complexes that form (Nishikawa and Tabata, 1969) and so the 
fouling of Kunifer 10 at this stage may be related to the 
complexing a b i l i t y  of the o r g a n i c  m u c o u s  s e c r e t i o n s  of 
microorganisms and at earlier stages due to the presence of 
dissolved macromolecules, which complex and attenuate the 
migration of metallic ions. The former is probably more likely 
because the extracellular mucous of Amphora is anionic (Daniel 
et a l ., 198 0).
Recent studies by Nelson (1985) suggest that estuarine 
waters contain high concentrations of humic materials which, 
due to their polyelectrolytic nature, may form copper-organic 
complexes, thus reducing the overall metal toxicity to the 
epibenthic community. However it should be appreciated that 
estuarine humics are likely to be mainly of terrestrial 
origin, containing higher levels of aromatic constituents than 
the true marine humics. Swain (1982) found fouling on 90/10 
cupronickel with corrosion rates between 21 and 145 pg cm"^ 
day” -^, significantly higher than the 1 0  \ig c m “ 2 d a y ” ^ regarded 
as necessary for fouling prevention (Banfield, 1980). In 
explanation he suggested that these values were averages with 
high dissolution at early exposures, however it may be that at 
his exposure site, the seawater contained high levels of 
dissolved organic materials which reduced the toxicity of the 
substrate and surrounding water by chelation and in effect, 
stimulated the corrosion process. Unfortunatley no data was 
available for dissolved organic carbon levels.
Alternatively a form of peripheral corrosion may have 
occurred and was not noticed, this would explain the c o m b i n e d
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high fouling and corrosion rates.
The effect of organically pretreating Kunifer 10 with 
extracted dissolved marine organic matter before immersion in 
the sea is reported in section 3.5. As organic extracts were 
used for p i l o t  and m a i n  e x p e r i m e n t s  plus the fact that 
immersion took place at different times of the year, it is 
difficult to directly compare and contrast these results. In 
the pilot experiment, Kunifer 10 pretreated in concentrated 
extracts (and after 14 days immersion) was covered in thick 
organic films with few microorganisms (bacteria and the diatom 
Navicula s p p .). No microorganisms were detected on the panels 
pretreated with dilute extract. Scanning electron micro s c o p y  
studies indicated that such specimens had thin, peeling films 
(after drying); untreated control coupons had more crystalline 
surfaces consisting of corrosion products and by 2 weeks were 
heavily fouled with Navicula s p p .. In contrast the pretreated  
surfaces were essentially free of any fouling organisms, with 
only a few diatoms and bacteria present.
Whilst there are slight differences in the epibenthic 
communities on Kunifer 10 pretreated in various concentrations 
of organic extracts it is likely that these variations are a 
product of the toxic nature of the substrate itself and the 
effects o f  D O M  o n  t h e  m e t a l  t o x i c i t y .  T h e  
inhibitory/stimulatory effect of the DOM are perhaps masked by 
the above processes. However on a non-toxic substrate such as 
stainless s teel the effe c t  of the o r g a n i c  m a t e r i a l s  on 
biofouling was clearly visible.
Barrett (unpublished results) noted that on AISI 316 
stainless steel (a corrosion resistant, non-toxic alloy),
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variations in the levels of preadsorbed organic materials led 
to the formation of significantly different diatom fouling 
communities. It seems that preadsorbed molecules may actually 
stimulate the settlment and proliferation of specific types of 
organisms.
In the main study, following 3 days marine immersion, 
Kunifer 10 pretreated in seawater possessed a "patchy" organic 
film covering a corrosion/ oxide layer (visualised by SEM), 
whilst a smooth film covered in particulate material and a few 
bacteria had fouled the control panels. Low numbers of bacteria 
were present on the organically pretreated surfaces for the 
first 14 days as compared with control coupons which supported 
colonies of diatoms and bacteria, control surfaces were later 
almost exclusively fouled by A m phora s p p ., by this time (25 
days) pretreated Kunifer 10 supported 3 times less diatoms but 
had become colonised by stalked peritrichous protozoa, the 
highest numbers of protozoa were present on surfaces pretreated 
in the most concentrated extract. Blunn and Jones (1984) 
reported similar fouling on 90/10 cupronickel by the stalked 
protozoan vorticella after 25 weeks marine immersion (similarly 
attached by mucilaginous pads) and Marzalek et al. (1979) noted 
colonies of the peritrichous ciliate zootham nion on 90/10 
cupronickel after 21 days immersion. It is interesting to note 
that the marine ciliated protozoa are a poorly documented group 
of organisms, not previously recognised as being copper 
tolerant. Since none were found on control surfaces it is 
suggested that the preadsorbed organic films were stimulatory 
to the settlement of such organisms. Morse (1984) and others 
(see section 1.4.) have identified the biochemical triggers of
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the settlement and metamorphosis of various marine organisms. 
These have been found to be simple organic molecules derived 
from amino acids and protein conjugates.
Differences in epibenthic c ommunities were also noted 
after longer immersion periods. Pretreated Kunifer 10 coupons 
(least concentrated extract) were "clean" and virtually free of 
macrofouling, whilst samples pretreated in the concentrated 
extract supported thick, mucilaginous diatom slimes, control 
coupons were heavily fouled with Enterom orpha s p ., Jassa s p . 
and entrapped silt and debris. Over the next few months the 
Kunifer 10 s u r f a c e s  d e v e l o p e d  f o u l i n g  l a y e r s  p r i m a r i l y  
consisting of macroalgae and Jassa colonies (and corrosion 
products etc.). Due to inherent weaknesses in the attached 
biofilm (see later), continual growth of such films and the 
variable environmental conditions (wind/tide) led to the 
sporadic partial, and in some cases total, exfoliation of the 
fouling layers. At each stage of investigation, control and 
pretreated coupons supported varying degrees of fouling related 
to this sloughing process. Recolonisation after film detachment 
appeared to be more aggressive and by 14 months all surfaces 
were fouled by the crustacean C h t h a l a mus s t e l l a t u s . In the 
earlier study on untreated Kunifer 10 (section 3.4.) barnacle 
colonisation was recorded after 7 months immersion and through 
further periods of detachment became colonised by J a s s a , 
barnacles, hydroids and various macroalgae ( 2 years exposure). 
Kunifer 10 fish-cage mesh imme r s e d  at the same location was 
initially colonised by bacteria and diatoms and later by the 
colonial hydroid Tubularia ( 8  months) and J a s s a . Similar mesh 
had become fouled by M ytilus edulis within 2 years in Loch
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Carron (W.Scotland).
Relini (1984) n o t e d  that T u b u l a r i a  c r o c e a  and the 
tubiculous amphipod Jassa falcata were the major fouling 
components on their cupronickel test panels in the Tyrrhenian 
sea. Swain (1982) observed both mussel and barnacle fouling on 
90/10 cupronickel after 2 years exposure in Langstone harbour, 
whilst Keel (private communication) indicated that the recently 
cupronickel-clad, offshore gas platforms situated in the Irish 
sea (3 year immersion) have patchy fouling growths between the 
+4 m lowest astronomical tide (LAT) and LAT levels consisting 
primarily of T u b u l a r i a . The patchiness of fouling is perhaps 
indicative of localised sloughing.
Thus from the fouling investigations it can be concluded 
that the early fouling behaviour of the Kunifer 10 alloy may be 
influenced by the presence of preadsorbed organic materials. 
However, because of the dynamic nature of the surface of the 
alloy when immersed in seawater, the influence of the adsorbed 
organics is masked by other processes such as the deposition of 
corrosion products. It is possible that the complex development 
of the layered corrosion products and m i c r o o r g a n i s m s  may be 
mediated by the way in which the organic molecules orientate 
themselves w i t h  re s p e c t  to the s u r f a c e  of the a l l o y  (see 
section 4.1.).
It is suggested that on stable substrates the influence of 
the o r g a n i c  m o l e c u l e s  on m a r i n e  f o u l i n g  w i l l  be m o r e  
pronounced. Brief experiments carried out by Edwards (1982) and 
unpublished results of Van Woerkom support this hypothesis.
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4-4- Sloughed Regions.
Detachment occurred either as loss of part of the outer 
biofilm or by complete exfoliation. The latter occurred after 
surfaces became covered in dense layers of fouling materials 
(eg. Jassa, barnacles, silt and mucilage). None of the biofilms 
formed on the Kunifer 10 appeared to be particularly adherent, 
barnacles were removed with light finger pressure whilst the 
Jassa and Tubularia infestations proved to be only slightly 
more difficult to detach. It is significant to note that as a 
result of exfoliation a bright metallic substrate was revealed. 
The dull brown colour indicating the presence of passivating 
films was absent. ESCA analysis of a naturally exfoliated 
region (section 3.4) indicated an organic-rich layer (high in 
nitrogen) over a film containing high proportions of copper and 
chlorine. Strong calcium and sulphur signals (identified by 
EDXA) were recorded from an adjacent fouled region rich in 
mucilage and other areas with lesser amounts of mucilage were 
composed of copper, aluminium, silicon, calcium and sulphur. 
Artificial removal of the outer layer indicated that the films 
detach f r o m  the s u b s t r a t e  at a r e g i o n  w h i c h  c o n t a i n e d  
quantities of nickel and chlorine with lesser amounts of iron, 
copper and dissolved organic materials.
The actual mechanism of exfoliation is poorly documented, 
however the process of "sloughing off" of solid corrosion 
products on cupronickel alloys was noted by LaQue and Clapp 
(1945) as an important factor in determining the fouling 
characteristics of such m e t a l s  in s e a w a t e r .  The r e s u l t s  
presented in this thesis clearly indicate that exfoliation as 
an antifouling mechanism is perhaps as important as the nature
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of the substrate itself. In a later section a m e c h a n i s m  to 
explain this phenomenon is suggested.
Blunn and Jones (1985) suggested that detachment of the 
outer layer occurred due to the presence of parallel (to the 
substrate) corrosion/fouling layers as compared with the more 
amorphous films that form on alloys such as aluminium-brass. It 
may be that the microbially secreted mucilages within the 
corrosion products are a focus for the sloughing process. 
Alternatively proliferation of organisms at the base of the 
fouling films (eg. Ectocarpus s p . section 3.4) could lead to 
instabilities of the inner layers. Edyvean and Terry, (1983) 
and W o o l m i n g t o n  and Davenport, (1983) observed considerable 
changes in pH at algae/substrate interfaces (directly related 
to diurnal illumination), such variations may alter the 
integrity of the corrosion products, or favour precipitation of 
less adherent materials.
The effectiveness of the secreted mucilages which are 
normally so important in maintaining the integrity of the 
biofilm may be altered by the chelation of the copper or other 
metallic ions. The secretions of larger fouling organisms such 
as barnacles, Jassa and tubularians are perhaps sim i l a r l y  
affected. As a result the sloughing process leads to higher 
corrosion rates due to partial loss of the p assivating layers 
(see later). S w a i n  (1982) s u g g e s t e d  that the p r o c e s s  of 
sloughing may encourage pitting thus indirectly causing damage 
to the metal surface.
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4.5. The Development of Surface Layers - the protective Film.
The generally excellent corrosion resistance of Kunifer 10 
in seawater is attributed to the formation of protective films 
of corrosion products in the early stages of immersion (North 
and Pryor, 1970; Kievits and Ijsseling, 1972; Ijsseling and 
Krougman, 1976; Efird, 1977; Kato et al., 1980; Castle, 1981). 
The corrosion behaviour of the alloy is strongly related to the 
development of films with high ionic and electrical resistance. 
The process of film formation is best explained by reference to 
figure 4.6. representing the various stages of development  
based on the synthesis of XPS, EDXA and S E M/TEM data a m a ssed 
throughout this study. It must' be^stressed that the corrosion 
products that form will, to a large extent, depend upon the 
local environmental conditions. Thus the performance of Kunifer 
1 0  situated offshore in a tropical sea may well be considerably 
different from that of a temperate coastal site.
1) ORGANIC MOLECULE ADSORPTION - the rapid adsorption of DOM 
onto the surface of Kunifer 10 has been previously discussed, 
however it is important to note that this process occurs in 
tandem with the development of inorganic layers, previous 
investigators, (Ijsseling, 1974; Chauhan and Gadiyar, 1985) 
have considered the protective films to consist of little more 
than the metallic oxides, hydroxides or chlorides of the alloy 
with i n o r g a n i c  a d d i t i o n s  such as m a g n e s i u m  and s o d i u m ,  
primarily because most techniques lack the sensitivity to 
detect the organic fraction. However Ijsseling, K r o u g m a n  and 
Drolenga, (1980) recognised that under limited flow conditions 
a layered structure of organic and inorganic materials were 
present, with cuprous oxide at the alloy/corrosion product
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2) SHORT IMMERSION - After a brief immersion period ( 6 hours), 
many elements were found in the layer. Copper, (Cu(I) and 
Cu(II)), nickel, iron and manganese (iron and manganese not 
detected by XPS) originated from the alloy, whilst elements 
such as chlorine, magnesium, sodium and silicon (as clay 
minerals) were taken up from the surrounding waters.
3) IRON ENRICHED LAYERS - After longer i m m e rsion periods, 
(approximately 7 days to 4 weeks) considerable increases in the 
iron content of the corrosion layers were recorded (XPS/EDXA). 
It a p p e a r s  t h a t  t h e  p r o c e s s  of p r e a d s o r b i n g  D O M  or 
electrochemically p r e t r e a t i n g  K u n i f e r  10 b e f o r e  m a r i n e  
immersion had no significant effect on the natural enrichment 
process, both pretreated and control coupons developed surface 
films with elevated iron levels. Cupronickels with higher iron 
contents were tested and found to develop thin iron rich layers 
after only 7 days marine immersion (section 3.7.). A c o m m o n  
factor in all the m a r i n e  e x p o s u r e  e x p e r i m e n t s  was the 
incorporation of organic matter t h r o u g h o u t  the developing 
corrosion layers and the presence of a thick organic film as 
the outermost layer, in early exposures <14 days this was 
mainly an abiotic layer but after prolonged exposure (4 weeks 
or more) comprised an epibenthic community of microorganisms 
and at later stages macrofouling organisms.
Ijsseling and Krougman (1977) suggested that the formation 
of a protective layer was accompanied by the a c c umulation of 
iron and nickel at the alloy/corrosion product interface and 
Castle and P a r v i z i  (1982) n o t e d  that 90/10 c u p r o n i c k e l  
condenser tubing from industry (power station heat exchange 
units) was frequently enriched in iron. Levels of this element
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remained high even w h e n  the outer lay e r s  w e r e  r emoved,  
progressive argon ion etching and XPS of specimens exposed in 
Chichester harbour, showed iron throughout the corrosion films. 
Similarly, removal of the outer layer with adhesive tape 
revealed iron-containing corrosion products. Castle and Parvizi 
(1982) suggested that these substantial iron layers do not have 
a chemical or electrochemical role in corrosion protection 
rather that they a f f o r d e d  m e c h a n i c a l  p r o t e c t i o n  to the 
underlying cathodically inhibiting layer (see later). However, 
North and Pryor (1970) had previously considered the thick 
outer layer to be important for the good corrosion resistance 
of cupronickel alloys. Mechanical removal of such corrosion 
products was reported by Kato et al. (1980) to accelerate the 
anodic process, thus such films do pose some resistance to 
cation transport although their research indicated that, unlike 
the findings of Popplewell, Hart and Ford, (1973) the p r i m a r y  
source of protection originated from an inner layer with poor 
electronic conductivity, parvizi (unpublished results) has 
suggested t h a t  in s o d i u m  c h l o r i d e  s o l u t i o n s  ( u n d e r  
electrochemical control, ie. -150 m v  SCE), the iron c o m pounds 
that form are 7  FeOOH and F e 2 C>3 as identified by electron 
conversion Mossbauer spectroscopy. Naturally formed films were 
not analysed.
It must be noted that most researchers investigated the 
corrosion films that formed in sodium chloride solutions, 
little if any detailed information is available about the 
corrosion products that form on Kunifer 10 in natural seawater 
environments. In laboratory studies using seawater, it is 
difficult to produce iron rich layers on the Kunifer 10 alloy
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(see Parvizi, 1985), only at higher temperatures do such iron 
films form. No reason for this has been advanced, however it is 
known that the stability of Fe2+ complexes is far greater than 
that of divalent metal complexes involving cations such as 
Cu2+, N i 2 + as well as C u + complexes (Whitfield and Turner, 
1978). Davies (1970) suggested that seawater contains organic 
chelators of high specificity for iron and as the iron layer 
always contains substantial amounts of organic material, it is 
not unreasonable to suggest that the iron is bound as organo- 
metallic complexes and, depending on the availability of the 
metal, the r e s u l t i n g  r e a c t i o n  m a y  lead to f o r m a t i o n  of 
insoluble complexes (Rashid, 1985). N o t w ithstanding this 
suggestion, if the metal content is high as in the case of 
copper (with respect to Kunifer 10), the resulting co m p l e x  is 
generally more stable, more soluble and has greater mobi l i t y  
(copper and nickel divalent chelates are thermodynamically more 
stable than ferrous chelates, Jackson, Jonasson and Kippen, 
1978). This will lead to (i) less copper in the corrosion 
product film and (ii) a potentially enhanced anodic half 
reaction, in response to a natural "sink" for the cation.
In the low Fe cupronickel alloys (up to 1.5% Fe) iron was 
present as a solutionised phase and the films that form e d  on 
these alloys were golden brown in appearance, in contrast, the 
higher iron alloys (2.5 and 5.0% Fe - section 3.7.) developed  
black films representing the presence of precipitated iron as 
magnetite (the ferromagnetic properties have been described  
elsewhere - LaQue and Clapp, 1952; Popplewell et al.., 1973). 
Such films were recognised by Drolenga et. al. (1982) as being 
thick, loosely adherent and poorly resistant to the corrosion
314
process, whilst the solutionised films (such as those that form 
on the Kunifer 10 - 1.5%Fe alloy in seawater), were tenacious 
and corrosion resistant. It should be noted that the results of 
section 3.7 indicated that high iron alloys were less resistant 
to the macrofouling organisms over short, exposures, with 
barnacles adhering to the 5%Fe alloy after only 1 month marine 
immersion! With such rapid fouling occurring on the high Fe 
cupronickel alloys (2.5 and 5% Fe), it is recommended that 
caution be exercised over the selection of such alloys for 
applications where fouling could occur.
Castle and Pa.rvizi (1982) commented that the iron-rich 
layers were porous in nature, as evidence they detected a 
copper chloride-rich layer which formed underneath the iron 
film. Macdonald et a_l., (1978) had previously reported that the 
corrosion product film was porous, however they were unable to 
determine whether the pores ended at the surface itself.
4) INNER LAYER - atfer successive removal of the outer layers 
from Kunifer 10 immersed in the sea, XPS analysis indicated 
that a film rich in copper (cuprous) and chlorine existed. This 
layer also contained substantial quantities of nickel and 
organic materials and was identified on both control and 
pretreated (organically and e l e c t r o c h e m i c a l l y ) Kunifer 10 
specimens. Similar surfaces were identified on Kunifer 10 that 
had lost the outer c o r r o s i o n  p r o d u c t s  due to n a t u r a l  
exfoliation upon dehydration (see plate 3.4.4.). Such films 
were so thin that they could only be detected by XPS. Castle 
and Parvizi (1985) suggested that a thin inner layer containing 
copper, oxygen and high chloride levels formed on Kunifer 10 
immersed in seawater aquaria. Again the detection of this
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layer, thought to be responsible for cathodic inhibition, was 
only possible by removal of the outer corrosion layers and 
analysis by surface sensitive techniques such as XPS.
In s u m m a r y  the exposure of Kunifer 10 in quiescent, 
aerated seawater results in the formation of (i) an outermost 
layer primarily composed of organic materials derived from the 
seawater; (ii) a middle layer containing complex minerals, 
oxides and chlorides from the alloy and incorporated organic 
molecules, (iii) an adherent inner layer of copper (cu(i)), 
chloride and in most cases some nickel and organic compounds. 
Abiotic m a t e r i a l s  c o m p r i s e  the m a j o r i t y  of the o r g a n i c  
compounds in this layer, no evidence of active microbial 
proliferation could be detected. The middle layer contains the 
majority of microbial populations and the corrosion products 
may adopt a structured layering (depending upon the immediate 
environmental conditions, perhaps related to the levels of 
dissolved organic materials) of alternating corrosion products, 
microorganisms and their secretions.
The final part of this discussion covers the corrosion 
behaviour of Kunifer 10 in seawater, possible m e c h a n i s m s  for 
the observed corrosion are suggested.
4.6- Corrosion Behaviour in Marine Environments.
Apart from the general corrosion of the Kunifer 10 alloy 
in seawater which results in corrosion rates of a few mpy 
(depending on the formation of passivating films which rapidly 
develop upon exposure), loss of the exposed edges of certain 
samples was recorded. Corrosion of the alloy appeared to be 
concentrated at the edges. This resulted in the s m o o t h i n g  of
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cut edges and in one case, a rounding off of one such edge was 
noted (section 3.4.). This particular form of corrosion has not 
previously been documented for the cupronickel alloys.
This anomalous "edge corrosion" was first recorded on 
untreated Kunifer 10 immersed in the sea for 41 weeks (section 
3.5.) and repeated exposure resulted in similar features after 
44 and 48 weeks (section 3.4.). At this stage, the Kunifer 10 
coupons have developed visible fouling films which mainly 
comprised mud-laden Jassa colonies and microorganisms. It was 
surprising that the organically pretreated Kunifer 10 specimens 
did not develop such peripheral thinning for, as shown in 
section 2.3, preadsorbed DOM actually enhanced corrosion under 
transient oxygen conditions. The electrochemical investigations 
however only gave information about the overall corrosion 
characteristics and not localised corrosion concentrated around 
the edges of the specimen.
The electrochemically pretreated Kunifer 10 coupons 
(section 3.6) were also carefully inspected for any signs of 
"edge corrosion" and after 1 2 0  days immersion (17 weeks) some 
peripheral thinning was noted, mainly in the high temp e r a t u r e  
pretreated samples (40°C N a d ,  40°C seawater - 2 0 0 m V  SCE, 
40°NaCl -200mV SCE and 40°C seawater -150mV SCE). Such failure 
may be related to the types of corrosion films that formed at 
this temperature. All the electrochemically pretreated coupons 
with enhanced "edge corrosion" supported fouling c o m p r i s i n g  
thick J a s s a - r i c h , mud-laden biofilms. The exception, (40°C 
seawater - 2 0 0 m V  SCE) h a d  a d i a t o m - r i c h  f i l m  b u t  no 
macrofouling.
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Apart from the edge corrosion, material after periods of 
12-24 months developed surface depressions and blemishes 
resulting in localised deterioration of the metal. The "bright" 
corroding regions were interspersed amongst the dense fouling 
mat of organisms and corrosion products. Many of the surface 
depressions contained quantities of the basic chloride CU 2 OH 3 CI 
as a loosely adherent precipitate.
Similarly, c u p r o n i c k e l  m e s h  e x p o s e d  for 12 m o n t h s  
(Itchenor Reach) had developed a thick fouling film of soft- 
bodied tubularians as well as Jassa and incorporated silt/clay 
deposits (section 3.8.). After 24 months visible thinning had 
occurred (surface depressions) and bright areas were also 
present at the cusps of the mesh. Localised corrosion had 
occurred adjacent to the soft-bodied growths indicating loss 
of the normally good cathodic inhibition.
The most extreme case of localised corrosion observed 
throughout the investigation was the failure of the Kunifer 10 
fish-cage mesh exposed in a Norwegian fjord, resulting in holes 
in the structure (section 3.8.). This was due to corrosion of 
portions of the mesh to fine tapered points leading to eventual 
failure. Again adjacent areas of the mesh were fouled but 
mainly with microfouing organisms and amorphous corrosion 
products (principally paratacamite). This particular case was 
different from the edge and blemish corrosion on the Kunifer 10 
immersed at Itchenor, as the mesh exposed in N o r w a y  had an 
inner fouling layer of pure crystalline cuprous oxide (see 
plate 3 .8.2). It is possible that this characteristic brick red 
inner layer may have acted as a "membrane cell" supporting the 
cathodic reaction on the outermost surface and anodic process
318
on the inside. A m e c hanism first suggested by Lucey (1972) 
though not previously applied to marine systems is described 
(figure 4.7.).
According to Lucey (1972), corrosion is initiated near 
locations where the corrosion products such as the basic 
chloride (eg. paratacamite) formed by general corrosion of the 
surrounding surface accumulate along with biofouling mats such 
as thick slimes (containing microorganisms), Jassa, tubularian 
infestations and silt deposits. B e n e a t h  t h e s e  a c c r e t i o n s  
cathodic sites develop, whilst adjacent portions of the alloy 
become anodic. At the anodic sites copper becomes oxidised and 
the developing cuprous oxide film may be separated from the 
underlying alloy by a thin cuprous chloride layer formed by 
reaction of cupric chloride and copper. The electrically 
conducting m e m b r a n e  of c u p r o u s  o x i d e  acts as a b i p o l a r  
electrode, being a cathode on the outside and anode on the 
inside.
seawater
cu+i basic
salts
Cu.O membrane
Cu
e”
crystalline Cu20Cu
Cu cuprous chloride
alloy
Figure 4.7. Diagrammatic representation of the arrangement of 
corrosion products and of the reactants involved 
in the "membrane" corrosion of Kunifer 10 in 
seawater (adapted from Lucey, 1972).
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The cathodic reaction is mainly the reduction of oxygen to 
hydroxyl ions. Defects in the membrane structure will allow 
cuprous ions to pass and these rapidly become oxidised to 
cupric ions. Reaction with cathodic products results in the 
deposition of copper salts, inside the corroding region cuprous 
ions are oxidised to the cupric form at the anodic site of the 
membrane. The cupric ions react with copper forming more 
cuprous ions resulting in growth of the corroded region, nb. 
this is only possible beneath the membrane as rapid 
disproportionation (reaction reversal) is likely to occur in 
aqueous solutions. In accordance with this theory, the 
surrounding region does not behave cathodically but is attacked 
anodically resulting in peripheral growth of the corrosion site 
leading to the formation of wide, shallow depressions. The 
essential difference between this mechanism and conventional 
theory, is that it is not necessary to postulate a flow of 
electrons between isolated anodic and cathodic areas on the 
metal surface. This process can be visualised as direct 
chemical attack of the copper by cupric chloride to produce 
cuprous chloride and a consequent flow of electrons to the 
outer face.
Although this mechanism gives a convincing explanation for 
the failure of the fish-cage mesh, it cannot explain the 
accelerated corrosion of the naked edges of test panels, where 
clearly no membrane was involved, to discover an explanation 
the behaviour of copper alloys must be considered, not in the 
isolated context of simple salt solutions or synthetic 
seawaters but within the complex interacting environment of the 
sea itself.
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As previously mentioned, the generally excellent corrosion 
resistance of the Kunifer 10 alloy in seawater is attributed to 
the development of cathodically inhibiting layers, whereas on 
materials such as steels, the corrosion process is determined 
by the rate of metal dissolution and not by the formation of 
protective films (corrosion products on steels are only loosely 
adherent, eg. rust).
As slime layers develop on the steel, (when immersed in 
the sea), corrosion may occur due to the formation of simple 
oxygen concentration cells. The actively corroding site (anode) 
is generally located at the base of the fouling layer and the 
cathode at surrounding, more aerated regions, the classic 
example being the corrosion pitting under a barnacle. However, 
when Kunifer 10 is immersed in the sea, cathodically 
inhibiting layers rapidly form and act as a physical barrier to 
the diffusion of oxygen towards the alloy surface, thus 
stifling the cathodic half-react ion and effectively reducing 
corrosion rates to only a few mpy.
In cases where the corrosion of the edge of a coupon was 
observed (plate 4.1.) the following scenario is suggested to 
help explain such a phenomenon:-
Biofilms rapidly form on the surrounding wooden support 
panel. The cathodically inhibiting layers on the Kunifer 10 
deteriorate as a result of the attack by active sulphur species 
secreted or released by the surrounding dense mat of organisms. 
Compounds such as thiosulphate, polythionate and sulphur- 
containing organic molecules such as cystine and glutathione 
are likely candidates. Decaying algal fronds will release 
considerable quantities of cystine into the immediate
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environment. Unidentified organo-sulphur compounds (containing 
-SH groups) may also have a similar effect. Another possible 
source of sulphur compounds is from mud-flats present along 
estuarine waterways.
As the breakdown of the protective films occurs with a 
still plentiful supply of oxygen in the surrounding seawater, 
the cathodic reaction will continue unimpeded. As an electron 
sink now exists, ionisation of the alloy is stimulated, this 
process occurring most rapidly at regions where the diffusion 
gradient of metal ions from the alloy surface to the 
surrounding seawater is the shortest, namely at the edges of 
the alloy.
At cathodic regions, biofilm thickening occurs due to the 
more favourable conditions of the substrate (cathodically 
protected - reduced toxicity). This in turn impedes the 
diffusion of oxygen from the bulk medium to the alloy surface 
however, as diatoms and algae are present within the biofilm, 
their photosynthetic activities will provide oxygen to fuel the 
corrosion process.
As the biofilm thickness increases, the diffusion path for 
the electrochemical products also increases and an accumulation 
of hydroxyl ions occurs at the base of the biofilm because of 
the overwhelming reaction:
02 + 2 H20 + 4 e" = 4  OH" (4.1.)
A rise in pH follows until a form of ; disbondment of the 
bio/corrosion layer occurs, resulting in partial or total 
exfoliation of the attached biofilm. Such a process is well- 
known to destroy the adhesion of paints when they are used
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under immersed conditions (Watts, 1984). As the surface of the 
alloy is exposed, the high pH is lost. The processes of cathode 
activation, biofouling and peripheral corrosion may continue if 
the newly developed films become "poisoned” by the secretions 
of the adjacent biofilm. This scenario is depicted in figure 
4.8.
Sporadic and seasonal sloughing is a feature of the 
cupronickel alloys when immersed in the sea and it may be that 
this process results from an increase in pH at the base of the 
bio/corrosion layers when cathodic inhibition breaks down. It 
will be interesting to determine whether exfoliation occurs 
only after cathodic inhibition has been lost. The rate of 
recolonisation will depend upon the season and its particular 
fouling organisms.
Plate 4.1. Kunifer 10 coupons after marine immersion for 3 
years, note the corroding edges (arrowed), the 
recently exfoliated region (er), barnacle fouling 
(b) and the thick diatomaceous turf (dt).
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In the case of the corrosion recorded for the fish-cage 
mesh, it is likely that secreted sulphur species from the 
fouling on the glass reinforced plastic supports (non-toxic 
surface) pictured in plate 3.8.1b, was sufficiently close to 
the mesh to cause a partial breakdown of the protective films 
leading to rapid localised corrosion and eventual failure 
according to the mechanism of Lucey, or following similar lines 
of the proposed scenario. This type of corrosion has not 
previously been reported for Kunifer 10 when used as conduit 
(eg. condenser pipework) for the simple reason that adequate 
countermeasures (eg. chlorination) are adopted to control the 
development of biofilms on any fouling-susceptible components.
Thus from the proposed scenario developed from the 
investigations of this thesis, the following recommendation 
arises
It is suggested that for any future cladding or 
fabrication of structures using the Kunifer 10 alloy, suitable 
antifouling paint systems (or other recommended antifouling 
countermeasures) are employed to control the biofouling of any 
surrounding structures, thus minimising any chance of breakdown 
of passivity of the alloy which may be caused by the action of 
sulphur species on the protective film.
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CHAPTER FIVE - CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH.
5.1 CONCLUSIONS.
From the present study; the biofouling and corrosion of 
the Kunifer 10 alloy in a coastal marine environment has been 
investigated using such techniques as XPS, SEM./TEM in concert 
with EDXA and electrochemistry.
It is concluded that the organic macromolecules that 
adsorb onto the Kunifer 10 alloy upon immersion are 
considerably more important to the progress of biofouling and 
corrosion than previously recognised. X-ray photoelectron 
spectroscopy has proved to be a suitable technique to monitor 
the early changes in the films that form on the cupronickel 
alloy. The adsorbed organic materials are clearly "visible" and 
distinct from other contaminants; they display a "unique" 
spectral "fingerprint".
* From the DC and AC electrochemical investigations it is 
concluded that highly resistive passivating films form on the 
Kunifer 10 in clean, freshly collected seawater, however 
elevated levels of adsorbed dissolved marine organic 
macromolecules may cause a temporary loss of passivation of the 
Kunifer 10 alloy in seawater under transient oxygen conditions. 
The molecules are considered to primarily affect the cathodic 
half-reaction and in this they act like sulphide ions.
The development of organic layers on the alloy has also 
been shown to influence the biofouling process. During the 
early immersion period the Kunifer 10 coated with organic 
extracts is less likely to become fouled by microorganisms 
although certain extracts appeared to stimulate the settlement 
of marine protozoans. However, this effect is short lived due
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to the dynamic nature of the newly formed bio/corrosion films.
The marine immersion experiments revealed an unusual form 
of corrosion not previously documented. It is concluded that 
this unexpected "edge" corrosion resulted from the breakdown 
of the cathodically inhibiting layers, probably by the action 
of active sulphur species, secreted or released by the 
surrounding, dense biofilm infestations, present on adjacent 
structures.
The observed exfoliation of bio/corrosion layers is 
considered to result from the build up of electrochemical 
products at the base of the fouling film, resulting in a self­
cleaning effect.
Although various cupronickel alloys were assessed for 
their biofouling/corrosion performance, the 10% Ni, Fe 1.5% 
copper alloy, - Kunifer 10, still appears to be the most 
suitable composition. However, if the material is used for 
cladding or fabrication of structures, then suitable 
antifouling countermeasures should be applied to control the 
biofouling of any adjacent materials, thus eliminating the 
possibility of breakdown of passivity of the alloy, which may 
result from the action of biologically secreted sulphur 
species.
5.2. RECOMMENDATIONS FOR FUTURE RESEARCH.
To determine the thickness, coverage and orientation of 
the adsorbed molecules, the technique of angular resolution x- 
ray photoelectron spectroscopy may be employed. By combining 
XPS and ellipsometry/contact angle investigations, the 
behaviour of such adsorbed films may be elucidated.
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A major question concerns the strength of attachment of a) 
the attached biofilms and b) the corrosion product films. 
Detachment of portions of bio/corrosion films may lead to 
partial or total blockage of conduit in power station 
condensers etc. The attachment strength of these deposits may 
be determined by employing high pressure jetting apparatus. The 
biofilm/corrosion products strength of attachment is 
calculated, based on the speed of water flow over the biofilm 
and the particular operating conditions. The environmental 
conditions of such experiments are particularly important and 
it is suggested that this type of investigation, if possible, 
be carried out in situ.
It would be interesting to know whether control could be 
exercised over the sloughing process by cathodically "spiking" 
(applying a cathodic potential for a short period of time), the 
alloy at regular time intervals, a rapid accumulation of 
electrochemical products at the base of the biofilm, may lead 
to the detachment of the fouling layers. This suggestion has 
industrial applications whereby marine structures fabricated in 
Kunifer 10 could be regularly cleaned prior to weld/corrosion 
inspections.
As the tube-dwelling arthropod Jassa always appeared 
adjacent to the corroded edges of the alloy, it seems logical 
to investigate this particular organism in greater detail. The 
toxicity threshold of this organism for copper could be 
determined along with an investigation into the type of 
secretions produced by the Jassa colonies and their effect on 
electrochemical reactions.
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APPENDIX ONE
Antifouling methods and their applications. 
METHOD APPLICATION COMMENT SOURCE
MECHANICAL
ANTIFOULING
PAINT
SYSTEMS
Ships'hulls, all 
marine structures,
Seawater pipework 
systems
Ships' hulls and 
some structures
LOW ENERGY 
SURFACES
Ships' hulls, 
buoys etc.
CHLORINATION Seawater systems
(Chlorine,
hypochlorite)
THERMAL
SHOCK
Seawater systems
ELECTROLYTIC Seawater systems 
DISSOLUTION 
OF COPPER 
AND ALUMINIUM
Underwater jetting, 
sand blasting, comp­
ressed needle guns, 
hydraulic equipment. 
"Amertap/Taprogge", 
American MAN sponge 
ball and brush clea­
ning of tubes may in­
crease Rf character. 
Bulletting/acid rinse. 
Limited by biocide di­
ssolution rates,some 
environmental concern 
expressed over use of 
organotin compounds 
and recent legislative 
control.Most recent 
paints include vanadium 
chemicals and cuprous 
oxide combined systems, 
non-toxic antifouling 
compositions with low 
surface wettability. 
Expensive.
Recommended pratice by 
CEGB. Continuous low 
dosage controls hard 
fouling, intermittent 
controls soft fouling. 
Environmental concern 
over discharges. 
Intermittant heat tre­
atment. Possible envi­
ronmental effects due 
to hot water discharges. 
Expensive.
"Cathelco"and "Vander- 
velde" systems.
Expensive.
ELECTROCHEMICAL Ships'hulls 
DISSOLUTION and structures
UNDER CONTROLLED 
CONDITIONS
OZONE
CHEMICAL
DOSING
Seawater systems 
Seawater systems
May be problems with 
electrochemical reac­
tions, still not a 
fully proven method.
Potential not proven.
expensive as compared 
with chlorination.
BIOLOGICAL Ships' hulls and 
structures
IRRADIATION Seawater systems 
and some surfaces
ULTRASONICS
MAGNETIC
FIELDS
Ships' hulls and 
structures 
Ships' hulls and 
structures
Predation systems 
have had only limited 
sucess.
Used to keep periscope 
windows clean. Ionisi­
ng radiation a health 
hazard.
Limited success 
i f any).
No documented 
success.
AIR BUBBLE 
CURTAINS
Ships' hulls and 
structures
Not effective as a 
single countermeasure.
SPECIAL
COATINGS
Ships' hulls, 
structures and 
seawater systems
Pretreated surfaces 
induce negative chem- 
otaxis. Not fully proven,
MATERIALS
SELECTION
Ships' hulls, 
and seawater 
systems
Copper alloys have 
proven to be the most 
useful antifouling 
materials.
Jones, (1972); 
Bennett, (1980); 
Rendall, (1980);
Rippon, (1979);
White and Benson, 
( 1984) .
Freeman, (1977); 
Fischer et al.,
(1984);
Dexter, 
(1977); Anon,
(1985).
Jones, (1967);
Kastandiek, 
(1981).
Coughlan,
(1977);
Rendall, (1980).
Rippon,(1979); 
Davies, (1981) .
Swain, (1982); 
Littauer, ( 1970 ) .
Sugan, ( 1980 ) .
Coughlan, (1977); 
Rippon, (1979).
Rendall, (1980); 
Kingsbury,
(1981) .
Wooten, (1978) . 
Suzuki, (1970) • 
Swain, (1911) .
Swain, (1980); 
Precious, ( 1976 ) .
Mitchell and 
Kirkman, { 1984 ) .
Moreton,
(1981);
Glover,(1984).
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Solution containing dissolved marine organic matter >1,000 mw
extracted by ultrafiltration.
Organic material extracted from seawater by the chloroform-
emulsion technique.
APPENDIX THREE
PROGRAM ONE
20
22
25
24
25
26
27
28 
29
50
51
52 
55
54
55
56
57
58
59
40
41
42 
45
44
45
46
47
48
49
50
51
52 
55
54
55
56
57
58
59
60 
61 
62 
65
64
65
66
67
68
69
70
71
REM CALIBRATION ROUTINE FOR ELECTROCHEMICAL STUDIES 
REM COPYRIGHT Brad Garner University of Surrey 1986.
REM LAST MODIFIED 10.1.86
DIM Q(100),Z(100),POT(100),VOL(100)
VTAB (1): PRINT "CALIBRATION ROUTINE #BRAD GARNER 05/85."
VTAB (2): PRINT "--------------------------------------"
VTAB (5): PRINT "SCALE MAY BE 0.1 , 0.5 1 , 5, 10 OR 50 .'
VTAB (10): HTAB (55): PRINT "< — "
VTAB (10): INPUT "PLEASE ENTER SCALE (RANGE) — > SCALE
RANGE = SCALE * 1000
HOME
VTAB (1): PRINT "SCALE = ";SCALE 
FLASH
VTAB (5): PRINT ">>>>>>>>> CALIBRATION ROUTINE <<<<<<<<<" 
FOR J = 1 TO 10
VTAB (1): HTAB (25): PRINT "CYCLE =";J;"/10"
REM
REM
REM
REM
A = - 16258: REM
B = - 16257: REM
C =
D =
E =
F =
G =
H =
REM 
REM 
REM
M = 0:N = 0:P = 0: 
POKE A,0:
- 16250:
- 16229:
- 16259:
- 16240: 
49240: REM 
49241: REM
POTENTIAL
CH1 SELECT 
CH2 SELECT 
START CONV 
STOP CONV 
HIGH BIT 
LOW BIT
CH1 ON 
CH2 ON
REM
REM
REM CLEAR COUNTERS 
CH1 SELECT 
CH1 ON
CHANNEL ONE SELECTED
TO 2500: NEXT 
REM CONV ON
POKE G,0:
FLASH
VTAB (6): PRINT 
VTAB (5): PRINT 
VTAB (4): PRINT 
VTAB (7): PRINT 
FLASH 
NORMAL 
FOR I = 1 
POKE C,0:
PRINT
VTAB (10): PRINT "—  CONVERTER ACTIVATED —  
FLASH
VTAB (10): HTAB (27): PRINT "<<COUNTING>>"
NORMAL
PRINT
FOR I = 1 TO 50
X = PEEK (E): REM HI BIT
Y = PEEK (F): REM LO BIT
Z(l) = ((X - 16) * 256 + Y) / 4096
Q(I) = Z(l) * 4042: REM ADJUST
REM PRINT INT(Q(I))
552
72 P = P + Q(l): REM ADD POTENTIALS
73 IF M < Q(I) THEN M = Q(l)
74 IF I = 1 THEN N = Q(l)
75 IF N > Q(I) THEN N = Q(l)
76 NEXT I
77 POKE D,0: REM CONV OFF
78 PRINT
79 VTAB (10): PRINT CONVERTER OFF —
80 P = P / 50
81 P = (P - 2000):P = (P - P  - P)
82 PRINT CHR$ (7)
83 VTAB (15): PRINT "
84 VTAB (13): PRINT " CALFACTOR = INT (P)
85 POT(J) = INT (P)
86 NORMAL
87 PRINT
88 VTAB (17): PRINT " P M X  = INT (M)
89 VTAB (18): PRINT " P MIN * INT (N)
90 PRINT
91 REM
92 REM READ VOLTAGE
93 REM
94 N = 0:M = 0:V = 0
95 POKE B,0: REM CH 2 SELECT
96 POKE H,0: REM CH 2 ON
97 FLASH
98 VTAB (6): PRINT " CHANNEL TWO SELECTED
99 PRINT
100 FLASH
101 VTAB (10): PRINT STABILIZATION DELAY
102 NORML
103 FOR I = 1 TO 2500: NEXT
104 POKE C,0: REM START CONVERTER
105 PRINT
106 VTAB (10): PRINT CONVERTER ACTIVATED —
107 FLASH
108 VTAB (10): HTAB (27): PRINT "«COUNTING»"
109 NORMAL
110 PRINT
111 FOR I = 1 TO 20
112 X = PEEK (E): REM HIGH BIT
113 Y = PEEK (F): REM LOW BIT
114 Z(I) = ((X - 16) * 256 + Y) / 4096
115 Q(I) = Z(I) * 410
116 REM PRINT INT(Q(l))
117 V = V + Q(l): REM ADD CURRENTS
118 IF M < Q(I) THEN M = Q(l)
119 IF I = 1 THEN N = Q(l)
120 IF N > Q(I) THEN N = Q(l)
121 NEXT I
122 PRINT
123 POKE D,0: REM CONV OFF
124 VTAB (10): PRINT CONVERTER OFF —
125 PRINT
126 V = V / 20
127 PRINT CHRS (7)
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128 IF V < 200 THEN W = RANGE - ((V / 200) * RANGE)
129 IF V > = 200 THEN W = ((V - 200) * RANGE) / 200
130 IF INT (W) > 4 THEN 158: REM CALIBRATION CHECK
131 VTAB (14): PRINT "
132 VTAB (14): PRINT " CURRENT = "; INT (W)
133 VTAB (14): HTAB (20): PRINT " MICROAMPS."
134 VOL(J) = ABS (W)
135 NORMAL
136 PRINT
137 VTAB (17): HTAB (22): PRINT " V MAX = INT (M)
138 VTAB (18): HTAB (22): PRINT " V MIN = INT (N)
139 NEXT J
140 CAL = 0
141 FOR I = 1 TO 10
142 CAL = CAL + POT(l)
143 NEXT I
144 CAL = CAL / 10
145 REM SAVE CALIBRATION DATA
146 PRINT
147 PRINT "CALIBRATION FACTOR = ";CAL
148 D$ = CHR$ (4)
149 PRINT D$;"NOMON C,I,0": VTAB PEEK (37): CALL - 868
150 PRINT D$;"OPEN CALFACTOR"
151 PRINT D$;"DELETE CALFACTOR"
152 PRINT D$;"OPEN CALFACTOR"
153 PRINT D$;"WRITE CALFACTOR"
154 PRINT CAL
155 PRINT D$;"CLOSE CALFACTOR"
156 PRINT "CALFACTOR RECORDED"
157 PRINT D$;"RUN ECHEM.0CT.85"
158 HOME : PRINT CHR$ (7): VTAB (10):REM ERROR CAPTURE
159 PRINT "CURRENT = "; INT (W);" MICROAMPS ? ? ! ! . . . "
160 PRINT ""
161 PRINT "PLEASE ADJUST TO ZERO BEFORE "
162 PRINT "CALIBRATING THE POTENTIOSTAT "
163 VTAB (17): PRINT "PLEASE CHECK RANGE (SCALE) ."
164 VTAB (20): PRINT "  ": VTAB (19):
165 INPUT "PRESS RETURN TO CALIBRATE ";Q$
166 GOTO 25
PROGRAM TWO
20 REM PROGRAM TO RECORD CURRENT VERSUS TIME.
21 REM COPYRIGHT Brad Garner University o f  Surrey,@1986.
22 CLEAR:HOME:FLAG = 1
23 TIME = 0:SAD = 0:G = 25:P0T = 0: REM G IS MINUTES
24 D$ = CHR$ (4):INVERSE
25 VTAB (7): PRINT "** BRAD GARNER COPYRIGHT JUNE @1985 **"
26 VTAB (6): PRINT "****************************************"
27 VTAB (8): PRINT "****************************************"
28 NORMAL
29 VTAB (11): PRINT "CURVTIME VERSION 5.5A"
30 VTAB (12): PRINT "-------------------- "
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31 VTAB (22): PRINT "PROGRAM TO RECORD CURRENT VERSUS TIME. "
32 VTAB (23): PRINT "------------------------------------ "
33 VTAB (1): INPUT "PLEASE ENTER POTENTIOSTAT SCALE -> ";SCALE
34 VTAB (1): PRINT "
35 RANGE = SCALE * 1030
36 T = 100: REM A/D COUNTER
37 VTAB (1): INPUT "ENTER LENGTH OP EXPT.(HOURS) ";HOURS
38 L = (HOURS - 1) * 2 + 12: REM NUMBER OP SAMPLE POINTS
39 VTAB (1): PRINT "
40 VTAB (1): INPUT "ENTER FILENAME FOR DATA STORAGE ";F$
41 HOME:FLASH:VTAB(1 ) : PRINT " PARAMETER CHECK---- ": NORMAL
42 VTAB (3): PRINT "1) POTENTIOSTAT SCALE = ";SCALE
43 VTAB (5): PRINT "2) LENGTH OF EXPERIMENT = ";HOURS;" HOURS."
44 VTAB (7): PRINT "3) NUMBER OF SAMPLE POINTS = ";L
45 VTAB (9): PRINT "PROGRAM RECORDS CURRENT EVERY FIVE MINS"
46 VTAB (10):PRINT"FOR FIRST HOUR THEN EVERY 30 MINS UNTIL 
COMPLETION."
47 VTAB (13): PRINT "4) FILE FOR DATA STORAGE = ";F$
48 VTAB (15): INPUT " ARE THE PARAMETERS CORRECT ? ";Q$
49 IF Q$ < > "Y" THEN 21
50 VTAB (17): INPUT "»> READY TO START EXPERIMENT ? ";Q$
51 IF Q$ = "QUIT" THEN END
52 IF Q$ = "Y" THEN 56
53 GOTO 50
54 IF Q$ = "Y" THEN 56
55 GOTO 21
56 HOME:FLASH:VTAB(10):PRINT" >CHECK EQUIPMENT THOROUGHLY<— •"
57 VTAB(12):NORMAL:INPUT"PRESS RETURN TO COMMENCE EXPERIMENT";Q$
58 HOME
59 VTAB (21): PRINT "PROGRAM TO RECORD CURRENT VERSUS TIME ."
60 VTAB (22): PRINT "----------------- - --------------------"
61 DIM Q(100),Z(100),VOL(500),POT(500),L(500)
62 FOR J = 0 TO L
63 IF FLAG = 1 THEN 69
64 FOR SAD = 1 TO 216500: NEXT SAD 
66 POT(J) = POT(J - 1) + 5
68 GOSUB 151
69 FLAG = 0
70 A = - 16238: REM CH1 SELECT
71 B = - 16237: REM CH2 SELECT
72 C = - 16230: REM START CONV
73 D = - .16229: REM STOP CONV
74 E =  - 16239: REM HIGH BIT
75 F = - 16240: REM LOW BIT
76 H = 49241: REM CH2 ON
77 VTAB (1): PRINT "
78 VTAB (3): PRINT "
79 VTAB (1): PRINT "SCALE = ";SCALE;"DURATION OF EXPT = ";HOURS;
"HOURS."
80 VTAB (2): PRINT "----------------------------------------"
81 VTAB (3): HTAB (25): PRINT "POSITION = ";J;"/";L
82 VTAB (3): PRINT "EXPT - ";F$
83 REM
84 REM READ VOLTAGE
85 REM
86 N = 0:M = 0:V = 0
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87 POKE B,0: REM CH 2 SELECT
88 POKE H,0: REM CH 2 ON
89 VTAB (6): PRINT "******* CHANNEL TWO SELECTED *******"
90 FLASH
91 VTAB (10): PRINT STABILIZATION DELAY — "
92 NORMAL
93 POKE C,0: REM START CONVERTER
94 FOR 1 = 1  TO 2500: NEXT
95 VTAB (10): PRINT CONVERTER ACTIVATED ~
96 FLASH
97 VTAB (10): HTAB (27): PRINT ,,«COUNTING»"
98 NORMAL
99 PRINT CHR$ (7)
100 FOR I = 1 TO T
101 X = PEEK (E): REM HIGH BIT
102 Y = PEEK (F): REM LOW BIT
103 Z(I) = ((X - 16) * 256 + Y) / 4096
104 Q(l) = Z(l) * 410
105 REM PRINT INT(Q(I))
106 V = V + Q(l): REM ADD CURRENTS
107 IF M < Q(I) THEN M = Q(l)
108 IF I = 1 THEN N = Q(l)
109 IF N > Q(I) THEN N = Q(l)
110 NEXT I
111 POKE D,0: REM CONV OFF
112 POKE A,0
113 POKE 49240,0: REM STANDBY
114 VTAB (10): PRINT " ~  CONVERTER OFF —
115 V = V / T
116 IF V < 200 THEN W = RANGE - ((V / 200) * RANGE)
117 IF V > =200 THEN W = ((V - 200) * RANGE)/ 200
118 VTAB (14): PRINT "
119 VTAB (14): PRINT " CURRENT = "; INT (W)
120 VTAB (14): HTAB (20): PRINT " MICROAMPS.”
121 VTAB (16): PRINT "TIME LAPSED = ”;POT(j)
122 VTAB (16): HTAB (20): PRINT " MINUTES.”
123 VOL(J) = ABS (W)
124 NORMAL
125 VTAB (18): PRINT "
126 VTAB (19): PRINT ”
127 VTAB (18): HTAB (22): PRINT " V MAX = INT (M)
128 VTAB (19): HTAB (22): PRINT " V MIN = INT (N)
129 VTAB (19): HTAB (35): PRINT "("; INT ((M - N));”)."
130 NEXT J
131 D$ = CHR$ (4)
132 PRINT "FILING DATA”
133 REM « « <  FILE DATA » »
134 PRINT D$;"NOMON C,I,0"
135 PRINT D$;"OPEN”;F$
136 PRINT D$;"DELETE";F$
137 PRINT D$;"OPEN";F$
138 PRINT D$;"WRITE";F$
139 FOR I = 0 TO L
140 PRINT POT(l);" , ";VOL(l)
141 NEXT I
142 PRINT "99 , 99"
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143
144
145
146
147
148
149
150
155
156
157
158
159
160 
161 
162
163
164
165
166
167
168
169
170 
172
PRINT D$;"CLOSE";F$
PRINT "DATA HAS BEEN PILED" 
PRINT "END OP EXPT ";F$
PRINT : PRINT
INPUT "ANOTHER RUN (Y/N) ";A$ 
IF A$ = "Y" THEN 20 
PRINT D$"RUN HELLO"
END
< =60 THEN RETURN
TO 2000: NEXT A
IF POT(J) 
FOR A = 1 
HOME
VTAB (5): 
VTAB (7)
VTAB (10): 
VTAB (12):
PRINT J - 1"/"L;" DATA POINTS RECORDED SO FAR 
PRINT "LENGTH OF EXPT = ";HOURS;" HOURS."
VTAB (7): HTAB (30): PRINT "(";HOURS * 60;" MINS)"
VTAB (9): PRINT "TIME LAPSED = ";POT(j);" MINUTES." 
PRINT "(UPDATED EVERY 30 MINUTES)."
PRINT "EXPERIMENT ";F$;" IS IN PROGRESS " 
INVERSE
VTAB (22): PRINT "— COMPUTING PLEASE DO NOT DISTURB —  
NORMAL
FOR I = 1 TO 735100: NEXT I 
POT(J) = 30 + POT(J - 1): REM 
REM 
HOME 
RETURN
30 MINUTE DELAY
PROGRAM THREE
20 REM PROGRAM TO RECORD CURRENT VERSUS POTENTIAL
26 REM ECHEM 26 M0D10.1.86 , @1985,1986.
27 REM COPYRIGHT Brad Garner University of Surrey.
29 HOME: D$ = CHR$ (4):CLEAR
30 PRINT D$;"READ CALFACTOR"
31 INPUT CAL
32 PRINT D$;"CLOSE CALFACTOR"
33 PRINT "CALIBRATION FACTOR = ";CAL
34 PRINT : PRINT "SOFTWARE LAST MODIFIED JAN 10 1986."
35 PRINT : PRINT "COPYRIGHT @1985,1986 BRAD GARNER ."
36' FOR 1 = 1  TO 2000: NEXT I
37 HOME
38 VTAB (21): PRINT "PROGRAM RECORDS POTENTIAL VERSUS CURRENT"
39 VTAB (22): PRINT "------------------------------------
40 VTAB (1): INPUT "PLEASE ENTER RANGE (POTENTIOSTAT) ";SCALE
41 RANGE = SCALE * 1030
42 VTAB (3): INPUT "HOW MANY COUNTS PER CYCLE ? ";T
44 VTAB (5): PRINT "1) FIX STEPPING MOTOR SPEED "
45 VTAB (7): PRINT "2) FIX NUMBER OF SAMPLE POINTS "
46 VTAB (9): INPUT "ENTER OPTION :- ";A
47 IF A = 1 THEN 50
48 IF A = 2 THEN 60
49 GOTO 46
50 REM OPTION ONE FIX STEP MOTOR SPEED
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51
52 
55
54
55
56
57
58
59
60 
61 
62 
65
64
65
66
67
68
69
70
71
72 
75
74
75
76
77
78
79
80 
81 
82
83
84
85
86
87
88
89
90
91
92 
95
94
95
96
97
98
99
100 
101 
102
103
104
105
VTAB (11): HTAB (29): PRINT "MV/MIN."
VTAB (11): INPUT "FIX STEPPING MOTOR TO ";S1 
VTAB (15): PRINT "
VTAB (13): HTAB (28): PRINT "MV."
VTAB (13): INPUT "ENTER RANGE OF EXPT ";A1 
L = (A1 * 5-45) / S1 
L = INT (L): PRINT .
IF L > 500 THEN PRINT "TOO MANY POINTS ALTER SPEED OR RANGE"
:GOTO 46
GOTO 69
REM OPTION 2
VTAB (11): INPUT "FIX NUMBER OF SAMPLE POINTS TO :- ";L 
IF L>500 THEN PRINT"TOO MANY POINTS 500 IS MAXIMUM": GOTO 60
12): PRINT "
13): HTAB (28): PRINT "MV."
13): INPUT "ENTER RANGE OF EXPT 
A1 / L) * 50.45: REM MOTOR SPEED
";A1
17):PRINT"SET STEPPING MOTOR TO ";S1;"MV/MIN.":NORMAL 
19): INPUT "ENTER FILENAME FOR DATA STORAGE ";F$
VTAB 
VTAB 
VTAB 
S1 =
FLASH 
VTAB 
VTAB 
HOME 
VTAB 
VTAB 
VTAB 
VTAB'
VTAB 
VTAB 
VTAB 
VTAB 
IF A$
VTAB 
FLASH 
VTAB 
NORMAL
PRINT CHR$ (7): PRINT 
S1 = INT (S1)
DIM Q(100),Z(100),V0L(500),P0T(500),L(500) 
HOME
FOR J = 1 TO L
PRINT EXPERIMENTAL PARAMETERS---- "
PRINT "POTENTIOSTAT SCALE = ";SCALE 
PRINT "A/D CARD COUNTS PER CYCLE = ";T 
PRINT "STEPPING MOTOR SPEED = ";S1;" MV/MIN." 
PRINT "RANGE OF EXPERIMENT = ";A1;" MV."
PRINT "NUMBER OF SAMPLE POINTS = ";L 
PRINT "FILE FOR DATA STORAGE = ";F$
11): INPUT "ARE THE PARAMETERS OK ";A$
< > "Y" GOTO 37
15): PRINT "CHECK EQUIPMENT THOROUGHLY ! ! !"
17): INPUT "PRESS RETURN TO START EXPERIMENT ";A$ 
CHR$ (7)
49240: 
49241:
16238: 
16237: 
16230: 
16229: 
16239: 
16240: 
REM 
REM
REM
REM
REM
REM
REM
REM
CHANNEL 1 SELECT 
CHANNEL 2 SELECT 
START CONVERTER 
STOP CONVERTER 
BIT 
BIT 
ON
CHANNEL 2 ON
HIGH
LOW
CHANNEL 1
A =
B =
C =
D =
E =
F =
G =
H =
REM
REM POTENTIAL 
REM
VTAB (1): PRINT "
VTAB (1): PRINT "SCALE = ";SCALE;"
VTAB (2): PRINT "-----------
VTAB (3): PRINT "
VTAB (3): PRINT "EXPT- ";F$
VTAB (21): PRINT "STEPPING MOTOR SPEED = ";S1;" MV/MIN."
COUNTS PER CYCLE = ";T
II
POSITION = ";J;"/"L
558
06 FLASH
07 VTAB (23): PRINT "RECORDING CURRENT VERSUS POTENTIAL."
08 NORMAL
09 M = 0:N = 0:P = 0
10 POKE A,0: REM CH1 SELECT
11 POKE G,0: REM CH1 ON
12 VTAB (6): PRINT "******* CHANNEL ONE SELECTED *******"
13 VTAB (5): PRINT "****************************************"
14 VTAB (7): PRINT "****************************************"
15 FLASH
16 VTAB (10): PRINT "—  STABILIZATION DELAY —
17 NORMAL
18 FOR I = 1 TO 2500: NEXT
19 POKE C,0: REM CONV ON
20 PRINT
21 VTAB (10): PRINT CONVERTER ACTIVATED ~
22 FLASH
23 VTAB (10): HTAB (27): PRINT "«COUNTING»"
24 NORMAL
25 PRINT
26 FOR I = 1 TO T
27 X = PEEK (E): REM HI BIT
28 1 =  PEEK (F): REM LO BIT
29 Z(l) = ((X - 16) * 256 + Y) / 4096
30 Q(I) = Z(l) * 4042
31 REM PRINT INT(Q(l))
32 P = P + Q(l): REM ADD POTENTIALS
33 IF M < Q(I) THEN M = Q(l)
34 IF I = 1 THEN N = Q(l)
35 IF N > Q(I) THEN N = Q(l)
36 NEXT I
37 POKE D,0: REM CONV OFF
38 VTAB (10): PRINT "—  CONVERTER OFF —
39 P = P / T
40 P = (P - 2000):P = (P - P - P)
41 P = P - (CAL): REM CALIBRATION
42 FOR BEEP = 1 TO 25
43 SOUND = PEEK ( - 16336)
44 NEXT BEEP
45 VTAB (13): PRINT "
46 VTAB (13): PRINT " POTENTIAL = "; INT (P)
47 VTAB (13): HTAB (20): PRINT " MILLIVOLTS."
48 POT(J) = INT (P)
49 NORMAL
50 VTAB (17): PRINT " P MAX = "; INT (M)
51 VTAB (18): PRINT " P MIN = "; INT (N)
52 REM READ VOLTAGE
53 REM
54 REM
55 N = 0:M = 0:V = 0
56 POKE B,0: REM CH 2 SELECT
57 POKE H,0: REM CH 2 ON
58 VTAB (6): PRINT ***** ** * CHANNEL TWO SELECTED *******"
59 FLASH
,60 VTAB (10): PRINT "—  STABILIZATION DELAY — "
61 NORMAL
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162 FOR I * 1 TO 2500: NEXT
163 POKE C,0: REM START CONVERTER
164 VTAB (10): PRINT " ~  CONVERTER ACTIVATED --
165 FLASH
166 VTAB (10): HTAB (27): PRINT "«COUNTING»"
167 NORMAL
168 FOR I = 1 TO T
169 X = PEEK (E): REM HIGH BIT
170 Y = PEEK (F): REM LOW BIT
171 Z(I) = ((X - 16) * 256 + Y) / 4096
172 Q(I) = Z(I) * 410
173 REM PRINT INT(Q(l))
174 V = V + Q(I): REM ADD CURRENTS
175 IF M < Q(l) THEN M = Q(l)
176 IF I = 1 THEN N = Q(l)
177 IF N > Q(I) THEN N = Q(l)
178 NEXT I
179 POKE D,0: REM CONV OFF
180 VTAB (10): PRINT " ~  CONVERTER OFF ~
181 V = V / T
182 FOR BEEP = 1 TO 10
183 SOUND = PEEK ( - 16336)
184 NEXT BEEP
185 IF V < 200 THEN W = RANGE - ((V / 200) * RANGE)
186 IF V > = 200 THEN W = ((V - 200) * RANGE) / 200
188 VTAB (14): PRINT "
189 VTAB (14): PRINT " CURRENT = "; INT (W)
190 VTAB (14): HTAB (20): PRINT " MICROAMPS."
191 VOL(J) = ABS (W)
192 IF INT (W) = > SCALE * 1000 GOTO 226: REM SCALE ALT SUB.
193 NORMAL
194 PRINT
195 VTAB (17): HTAB (22): PRINT "
196 VTAB (18): HTAB (22): PRINT "
197 VTAB (17): HTAB (22): PRINT " V MAX = "; INT (M)
198 VTAB (18): HTAB (22): PRINT " V MIN = INT (N)
199 NEXT J
200 HOME
201 FOR J = 1 TO 10: PRINT CHR$ (7): NEXT J
202 D$ = CHR$ (4)
203 FLASH
204 VTAB (15): PRINT "-------- FILING DATA------------------- "
205 NORMAL
206 REM < « «  FILE DATA » »
207 PRINT D$;"NOMON C,I,0"
208 PRINT D$;"OPEN";F$
209 PRINT D$;"DELETE";F$
210 PRINT D$;"OPEN";F$
211 PRINT D$;"WRITE";F$
212 FOR I = 1 TO L
213 PRINT POT(l);" , ";VOL(l)
214 NEXT I
215 PRINT "99 , 99"
216 PRINT D$;"CLOSE";F$
217 VTAB (15): PRINT "  EXPERIMENTAL DATA HAS BEEN RECORDED "
218 VTAB (17): PRINT "  END OF EXPERIMENT ";F$
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219 PRINT : PRINT
220 INPUT "ANOTHER RUN (Y/N) ";Y$
221 IF Y$ = "Y" THEN 20
222 PRINT D$"RUN HELLO"
223 END
225 REM SUBROUTINE TO ENABLE SCALE TO BE ALTERED DURING EXPT
226 HOME
227 PRINT CHR$ (7):
228 VTAB (l):FLASH:PRINT"POTENTIOSTAT RANGE HAS BEEN EXCEEDED !"
229 NORMAL
230 VTAB (5): PRINT "'*** PRESS ANY KEY TO CONTINUE *** "
231 VTAB(3):N0RMALSPRINT "STOP THE STEPPING MOTOR IMMEDIATELY"
232 VTAB (1): GET D$
233 VTAB (8): PRINT "-----------------------------------
234 VTAB (7): INPUT "NOW ENTER NEW POTENTIOSTAT SCALE ";SCALE
235 RANGE = SCALE * 1030
236 VTAB (11): PRINT "RESTART STEPPING MOTOR &"
237 VTAB (13): PRINT " --- > PRESS RETURN TO COMMENCE EXPT "
238 VTAB (1): GET D$
,239 PRINT CHR$ (7): PRINT CHR$ (7): PRINT CHR$ (7)
'240. D$ = CHR$ (4): HOME : GOTO 89
241 END
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